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Abstract

GPU-assistednulti- eld renderingprovidesa meansof geneiting effectivevideovolumevisualizationthat can
corvey boththe objectsin a spatiotempaal domainaswell asthe motionstatusof theseobjects.In this paper we
presenta technical framevork that enablescombinedvolumeand ow visualizationof a videoto be synthesized
using GPU-basededniques.A bricking-basedvolumerenderingmethodis deployedfor handlinglarge video
datasetsn a scalablemanneywhich is particularly usefulfor synthesizinga dynamicvisualizationof a video
stream.\e haveimplemented numberof image processinglter s, andin particular, we employan optical ow
Iter for estimatingnotion ows in avideo.We havedevisedmehanismdor combiningvolumeobjectsin a scalar
eld with glyphand streamlinegeometryfroman optical ow. We demonstate the effectivenessf our approac
with examplevisualizationsconstructedromtwo bendcimarkingproblemsin computenvision.

CateyoriesandSubjectDescriptorgaccordingo ACM CCS} 1.3.3[ComputerGraphics]Picture/ ImageGeneration

1.3.6 [ComputerGraphics]:Methodologyand Techniques.3.m [ComputerGraphics]Video Visualization

1. Intr oduction

Viewing videosis a time-consumin@ndresource-intenge

process.Even viewing in the fast-fornard mode, it takes
about4 hoursto watchaday'srecordingoy aCCTV (closed-
circuit TV) cameraln otherwords, if thefootageof all es-
timated25 million CCTV camerasn operationworldwide
wereto be examined we would need10 million peopleem-

ployed to just watch videos,in the fast-forward mode,for

10 hoursevery day Video visualizationis a computation
processhat extractsmeaningfulinformation from original

videodatasetgandcorveystheextractednformationto users
by appropriatevisualrepresentationglthoughthistechnol-
ogyis verymuchin its infangy, its potentialbene tsin terms
of time andresourcesaving cannotbe overestimated.

Video datacan be consideredas 3D volume data, with
onetemporalandtwo spatialdimensionsOne major dif -
culty is thatthe geometricabbjectsin eachvideoframeare
the projective representationsf the original 3D spatialob-
jects.Thus,a video volumeis a 3D projectionof a 4D spa-
tiotemporaldescriptiorof amoving sceneBecauséhethird
dimensiorof avideovolumeis thetemporaldimensionsim-
ply visualizingavideovolumeusingtraditionalvolumeren-
deringtechniquess ofteninadequatén termsof extracting
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andcornveying the mostmeaningfulinformationin a video.
For example,considerthe video clip "LeftBox' (Figure 1),

whichis oneof thebenchmarkingroblemscollectedby the
CAVIAR project[Fis04. Figure2(a) shavs a visualization
of the video volume using a techniquesimilar to [DCO03.

Althoughthevisualizationadequatelyepresentsheobjects
extractedfrom thebackgroundgceneit doesnotprovide suf-

cient motion featurego allow the userto recognizethata
moving object(i.e., a person)left a stationaryobject(i.e., a
box)in thescene.

Althoughit is possibleto estimateandvisualizethe opti-
cal ow in avideoasshown in Figure 2(b), the motion on
its own cannotadequatelyonvey the presencef objectsin
thesceneTheseobsenationsindicatethatthecombineduse
of a volumetricscalar eld (for the video data)anda vec-
tor eld (describingthe motion) mightresultin aneffective
videovisualization. We therebyfacetheissueof multi- eld
visualizationof 3D scalarandvector elds.

The combinedvisualizationshovn in Figure 2(c) sepa-
ratesfour stagef thevideo.In stageone,thepersorenters
the scenewith a box, i.e., the personis moving. In stage
two, the personstopsto depositthe box on the oor. This
factis clearlycorveyedthroughalackof o w glyphs.In the
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frame550 frame650 frame750

Figure 1: Framesselectedromthe videoclip "LeftBox'. A
womandepositsa boxin the sceneand leaves.Theframes
relateto steges2, 3, and4 in Figure 2.

next stage the personmovesaroundthe box. In stagefour,

the personexits the scenebut leavesthe motionlessbox on

the oor. The combinationof volumeand o w visualization
givestheviewer a betterunderstandingf boththeinforma-
tion onlocationandmotionof objects.

Dueto the needfor the simultaneouwisualizationof two
datasetdor scalarandvectorinformation,the challengeof
handlinglarge 3D datais more pronouncedhanin tradi-
tional volumerendering.In general,it is necessaryo han-
dle a large amountof datain mary applicationsof video
visualization.For example,in scienti ¢ experimentghatin-
volve a high-speedameraan experimentof a few seconds
couldresultin avideo of thousand®f frames.For process-
ing video archivesin applicationssuchasvideo sggmenta-
tion and geo-biologicalmonitoring, one may needto cre-
ate a visual representatiorfor a video of hours, days, or
sometimeseven longer periodsof time. Finally, in mary
suneillance-relategpplicationspone needsto handlelarge
real-timevideostreams.

In this paper we addresgechnicalproblemsassociated
with the fastrenderingof large video dataasa volume.In
particular our objective is to generatean effective multi-
eld visualizationby combiningvolumetricscalarandvec-
tor datain orderto extractandconvey the mostmeaningful
informationin a video. Our stratgy is to usethe capabil-
ities of modernGPUs (graphicsprocessingunits) to syn-
thesizeinteractive multi- eld visualization(seeSection5).
A complementargtratgy is to designa scalablerendering
methodfor videodatasetsf varyingsize.We employ brick-
ing techniguego overcomethe dif culties of accommodat-
ing largevideostreamsn GPUmemory(seeSection6). The
basicsoftwarearchitecturef ourvisualizationsystenis dis-
cussedn Section3, thepreprocessingtagesn Section4.

Part of the work describedn this paperwasusedto sup-
port a major userstudy on visual signaturesn video visu-
alization[CBH 06]. In this paper we focuson the techni-
cal and algorithmic developmentof a system,called VVR
(VideoVolumeRendeer), which providesinteractve render
ing of videovolumesandextractsvisualsignaturedor anal-
ysis. Technically VVR represents major leapfrom previ-
ousvideovolumevisualizationin termsof renderingspeed,
visualizationfeaturesandthe scalabilityof datasize.

(a) objectvolume (b) optical ow

(c) objectvolumewith optical o w

Figure 2: \Wwlume visualization of extracted objectsin a
videoin (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
[DCO3 asa meansof processindarge volumesof video
data.We adopttheir idea of a horseshodayout for video
renderingbecauséhe horseshogeometryhasa numberof

merits,includinga cost-efective spaceutilization anda pro-

vision of four visible sidesof a videovolume.However, the
horseshoéayoutrequiresherenderingof adeformedvideo
volume. A genericway of renderingdeformedvolumesis

to useray casting(e.g.,ray re ectors [KY97]). The origi-

nal implementatiorof horsesho@olumerenderings based
on a relatedimplementationby CPU ray casting,which is

notinteractve [DCO0J. In this paperwe use3D textureslic-

ing for interactve volumerendering CCF94. We adoptthe
approachby Rezk-Salama&t al. [RSSSGO], which utilizes
texture slicing to renderdeformedvolumesin realtime. In

their approacha backward mappingis employedto modify

thetexture coordinateshataddresshe dataset.

Onepartof ourapproachs to includethevisualizationof
the optical o w in the video volume visualization.General
o w visualizationmethodshave alongtraditionin scienti ¢
visualizatiof WEOY. Thereexist severaldifferentstrategies
to displaya vector eld associatedvith a o w. Onevisual
representationsedin thiswork relieson glyphsto shaw the
directionof avector eld atacollectionof samplepositions,
e.g.,by emplagying arrows or hedgehogso visually encode
direction[KH91, Dov95]. Anothervisual representatiome-
lies onthecharacteristidines, suchasstreamlinespbtained
by particletracing. A major problemof 3D o w visualiza-
tion is the potentiallossof visualinformationdueto mutual
occlusion.This problemcanbe addressetly improving the
perceptiorof streamlinestructure§1G98] or by appropriate

seedind GGS02.
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3. VVR SystemAr chitecture

The ow chartin Figure 3 shavs the overall systemarchi-
tectureof VVR, which includestwo major functional sub-
systemsnamelyvideoprocessingandvideorendering The
video processingsub-systentonsistsof a collectionof |-
ters for generatinga variety of 3D scalar elds and vec-
tor elds thathighlight differentfeaturesof a video. Many
of these lters designedor volumerenderingarediscussed
in [CBH 05]. In the following section,we will concentrate
onthecomputatiorof a ow eld from avideovolume,and
volumetricseeddor o w geometry

Thevideorenderingsub-systenis the mainfocusof this
paperWe adaptvolumebrickingto handlelargevolumeand
o w datasetsOnemodi cation is thatwe partitiondataonly
in thetemporaldimensioninsteadof the spatialpartitioning
commonlyusedin traditionalvolumerendering.As shavn
in Figure3, thebricking processaffectsmostmodulesn the
renderingsub-systenthroughaloop thattriggersa dynamic
updatewithin eachmodule.Becausef the existenceof this
loop andthelogical brick structure pur brickingmechanism
supportsscalablemulti- eld visualization,including video
spansglyph geometryfor o w visualization,and dynamic
streamlinesThe renderingframevork will be detailedin

Section5 andthebricking stratey in Section6.

4. VideoProcessing
4.1. Optical Flow

One ingredientof our approachis the optical ow of the
video. To computethe optical ow, we adopta gradient-
baseddifferential method[HS81. Our implementationis
basedon a modi ed versionof the gradient-basedifferen-
tial method[BFB94.

Letusconsideanimagesequencasanintensityfunction
I(p;t), wherep = (X;y) is apositionon anobjectin motion,
andt is thetime variable.The translationof p with velocity
v = (dx=dt;dy=dt) = (u;V) is thus:

I(p;t) = 1(p vt;0):
A Taylor expansionof theabore expressiorresultsin
Ix(p;)u+ ly(p;t)v+ le(p;t) = 0
wherely, ly, andl; arethe partialderivativesof | (p;t). This
problemis notwell posedwith two unknavn variablegu; v).
It is commonto introducefurther constraintsin order to
solwve for (u;Vv). Many proposedmnethodsincluding [HS87]

associatéhe above equationwith aglobalsmoothnesterm,
andperforma costminimizationover ade ned domainD:
z

D(Ixu+ lyv+ 1) 2+

2 2 2

|2 fu fu 2+ v v

™ Ty ~ oy P

where | indicatesthe in uence of the smoothnesgerm,
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Figure 3: Thetednical pipeline for processingand visu-
alizing video data. Data les are shownin yellow pre-
processingmodulesin grey, softwae modulesin blue and
GPU modulesn green.

which, assuggestedn [HS81], is setto 100in our imple-
mentation.Thevelocity v = (u;V) is estimatedoy minimiz-
ing theabove integral usinganiterationprocess:

wW=w=0

k+1_ & |x(|xﬁk+|y\_/k+|t)

uro=u 2L 12412
aZ+ 12+ 12

Vk+1:\7k |y(|xl._]k+ |y\_/k+ |t) .
az+12+12 '

wherek is theiterationnumber 0K andv aretheaverageof
uk andvX, respectiely, in a neighborhoodiomain.We use
60iterationstepsfor theresultsreportedn this paperwhich
is sufcient for thelow resolutionvideosconsidered.

4.2. SeedPoint Generation

To facilitatethe visualizationof the optical o w, we needto
determinea setof seedoointsfor particletracingor for posi-
tioning ow glyphs.The ltering stagethatgenerateseed
points is implementedas a CPU programoutsidethe ac-
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(a)objectframe  (b) optical ow  (c) frameseeding

Figure4: Image (a) showghedifferenceobjectin thescene
computedroman emptyrefelenceframe In (b), theoptical
ow of theframeis shownwith greenlines.In (c), seedsare
geneatedbasedon theoptical ow shownin image (b).

tualrenderingramework in orderto provide most e xibility
in designingthe seedingalgorithms.Typically, the seeding
stageusesthe optical o w andthe differenceobjectto de-
terminethe seedpoints.Figure4 or Color Platel shav ex-
ampleframesfor seedingln additionto this external Iter,
somebasicseedingfunctionality is alsoimplementedn a
CPUmodulein therenderingiramevork for handlingcases
whereanexternallygeneratedeedist is not available.

As detailed in Section 4.1, the 2D vector elds

gorithmfor seeding:

1. Thealgorithmdetermineslist of all eligible pointsin v;,
with two controlparametersgrid intervalandmagnitude
threshold With the grid interval parameterthe usercan
superimpose grid on all the 2D vector elds andonly
grid pointsareeligible to be selectecasseedpoints.With
the magnitudethresholdparameterinsigni cant motion
with amagnituddessthanthethresholds Itered out.

2. Thealgorithmsortsthelist of eligible seedpointsaccord-
ing to somecriteriaof visualimportancetypically for in-
stancethe magnitudeof the motionvectorat eachpoint.

3. Finally, the algorithm selectsa set of seedsfrom the
sortedlist. The userhasthe optionto selectall points,to
selectthe r stN points,or to selectrandomlyN pointsin
thelist. As the rst phaseusuallyproducesa largelist of
seedboints,which couldleadto slow renderingaswell as
clutteringthe visualization this selectionprocessallows
thelist to betrimmeddown basednimportance.

Figure4(b) shavs anoptical ow eld estimatedor atypi-

cal videoframe.Figure 4(c) shavs an exampleof a created
seedlist that was generatedrom the optical ow in Fig-

ure4(b), usingthe above algorithm.

5. Rendering Framework

For real-timerenderingof large video volumes,GPU meth-
odsare emplo/ed to achieve high frame rates.The visual-
ization framework is built uponan existing slice-based/ol-
umerendere VWEOQ5]. An adwantageof this framevork is
its separatiorof differentvisualizationaspectdnto differ-
entsoftwarecomponentsTheframevork is implementedn

Figure 5: Boundingboxesof the P-spacgblue)andtheac-
tually rendeed volume (yellow). The volumeslice planes
(green)are mappedo C-spacean thefragmentshader

C++, usingthe Direct3D graphicsAPIl andHLSL asshader
programminganguage.

In this section,we discusstechnicaldetailsof videovol-
ume renderingand optical o w visualization.The starting
point for visualizationis volume renderingthat shovs a
scalareld associateavith the 3D spacetimesideovolume.
In combinationwith appropriatdransferfunctions,relevant
informationof thevideovolumecanbeemphasize@ndun-
interestingregions can be madetransparentA challenge
for video volume visualizationis the interactize rendering
of large datasetgseeSections), possiblyusinga distorted
horseshogeometry(seeSection5.1).

The secondpart of the visualizationsystemprovides a
representatioof optical o w by glyphsor streamlineson-
structedby particletracing(seeSection5.2).

5.1. Distorted Video Volumes

The visible video volume might needto be distorteddur

ing rendering.Our primary exampleis the bendinginto a
horseshoeshape[DCO03, asshavn in Figure 5. We usea
backward-mappingapproachfor renderingsuchdeformed
volumes:insteadof deformingthe geometryof the volume,
we distort the associatedexture coordinatego obtain the
sameresultfRSSSGOL Therefore planarandview-aligned
slicesarerenderedvith modi ed 3D texture coordinates.

We describetexture coordinatesn a computationspace
(C) by (xc;¥c;tc) in therange[0; 1]3. Here,x andy denote
thespatialdimension®f avideosliceandt denotegshetem-
poraldimensionlIn contrastthe coordinatesn the physical
spaceP) — the objectspaceof the distortedvolume— are
givenby (xp;yp; Zp).

For the caseof thehorsesho&olume,we assume trans-
formationaccordingo cylindrical coordinates,

(xpiypizp) = (1 reogpte);ysyc:rsin(pte)) 5 (1)
with r=rmintDrxc and Dr=rmax Imin:
Here,rmaxandrmin describegheinnerandouterradiusof the
horseshoeespectiely. Theparameteys providesa scaling
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factorfor they dimension Figure6 illustratesthe different
coordinatesystems.

The inverse mapping of Eq. (1) is usedto transform
the physical coordinatef the slicesto texture coordinates
(xc; Ye; tc) thataddresshevideovolume.Theinvertedmap-
ping involves inverse trigonometric functions, which are
availablein GPUfragmentprogramsThereforethevolume
deformationcanbe implementedy computingtexture co-
ordinatesin a fragmentprogramduring texture slicing. An
example of sucha fragmentprogramis provided in Sec-
tion 6. Sincethe video volumeis not illuminated, we can
omit the transformationof volume gradientsfor appropri-
atevolumeshading(seel RSSSGO]for adescriptionof this
typeof transformation).

5.2. Integrating Optical Flow in Volume Visualization

To combinean optical ow eld with the distortedscalar
eld for the horsesho&ideo volume,the VVR systemal-

lows opaqueo w geometryto be addedinto the sceneThe
geometryin theform of arrow glyphsor tracedlines, is cre-
atedon-the- y by the moduleFlowGeometryRender and
storedin the accordinggeometrybuffers beforethe actual
renderingiakesplace.

Building the arrov geometryrequirestwo piecesof in-
formation:a point p anda directionv, which are given by
the pre-computedseedpoints S and the optical ow vec-
torsvi, asdescribedn Sections4.1 and4.2. In fact,we ex-
tend the original optical ow eld from a 2D spatialvec-
tor eld describedby (u;Vv) to a 3D spacetimevector eld
with anadditionalcomponenalongthetemporaldimension:
v = (u;v;t). The temporalvector componenty; describes
the “velocity” alongthe time axis of the video volume.So
far, we only usea temporally equidistantsamplingof the
video volume. Therefore,v; is constantfor the whole vol-
ume and representshe relative speedalongthe time axis.
We allow the userto de ne the relative speedv;. The ex-
ampleimagesof this paperusev; = 0 in orderto focuson
the motionwithin individual frames.Basedon this 3D opti-
cal o w, for eachseedpointareferencegeometryfor glyphs
canbecopiedto thegeometnybuffer, andshiftedandrotated
into the properpositionandorientation.

As analternatve, particletracingis usedto visualizethe
trajectoryof particlesalongthe o w andto provide informa-
tion of longermaving structuresnsidea frame.Theselines
notonly emphasizehe distanceof amovementbut alsocan
indicatea changein direction. Particle tracing needsmore
processingtepsandis implementedisingEulerintegration,

Pi+1= Pi+ Dv(pi) ; (2

wherep; arepositionsalongthe particletrace,v is the op-
tical ow eld, andDt theintegrationstepsize.Thetracing
procedurecanbe describedasfollows. From a given start-
ing point pg, which is choserout of the seedpointlist S, a
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Figure 6: Mappingbetweercoomdinatesystems.

forwardintegrationis appliedaccordingo Eq. (2). Here,we
usetrilinearinterpolationasreconstructionlter for thevec-
tor eld. The numberof computedntegrationstepsis cho-
senby the user manipulatingthe lengthof the tracedlines.
Therenderingof thoselines with dynamictexture mapping
is detailedin Section6.2.1

Oneadditionalissueoccurswhenthevideovolumeis dis-
torted. In this case the original vector eld data,which is
givenin C spaceneeddo be transformednto the physical
spaceP in orderto obtain correctparticle tracesor glyph
orientationsSimilarto the coordinatdransformatiorfor the
scalareld asdiscussedh Section5.1,we alsoneedatrans-
formationrule for vector elds. In general,vectorscanbe
de ned asdifferentialsaccordingto

2 2
sy o8
dy = So x dx = Soe, dx; :

Here,the g sene asbasisfor the vectorsin the spaceasso-
ciatedwith x;. In the caseof thehorseshoewe have

o = %: Dr( cogptc); 0;sin(ptc))
xp
= — =(0;ys0
&y e (0;ys,0)
a = %’: p Dr(sin(ptc); 0; cogptc)) ;

with xp = (Xp; ¥p; zp) . With thesebasisvectors avector eld
vc = (Vx;W; W) givenin the coordinatesystemcC is trans-
formedto the coordinatesystemP by

o
V= a evi:
i=xy;t

6. ScalableMulti- eld Bricking

To visualizea large video datasethat cannotbe loadedto

GPUmemoryenbloc, it is necessaryo subdvide thewhole
domaininto smallersectionsthat can be handledand pro-

cessedby the GPU. We introducea genericimplementa-
tion that combinesvolume visualizationand the rendering
of ow geometryin scalableuserde ned bricks.
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Figure 7: Directional textured tracelinesin combination
with arrow glyphs.

Let thevideoV bea setof consecutie 2D imageframes
li;i 2 £1;::;Ng, whereN is the total numberof frames.We
dividethevolumeinto K 1 videobricks,wherel k K
bricksarerenderedatatime. Eachbrick,Bj V, containsm
imageframeswith Bj\ B, = 0,wherej;1 2 f1;::;kg" j6 |
andtheconditionk m= n, withn N.

Whenthe GPUmemorycannothandlethe datasizeof N
frameswe have the conditionn < N. Thus,dynamicbrick-
ing needsto be appliedto processthe data. Eachlogical
brick is describedy two integer values:the numberof the
startingframe and the numberof framesin the brick. Fur
thermore,we have a brick-basedlter for seedgeneration,
whichis amodi ed versionof thatdescribedn Section4.2
It enableframesin differentbricksto sharea pre-processed
seedpoint list. The input of this sharedlist is usedby all
bricksanda ag indicatesfor eachpoint whetherthis seed
pointis usedfor constructinggeometryfor thatbrick or not.
Startingfrom thislogical entity, we build thewholedynamic
bricking structurethat consistsof k 3D volumetexturesthat
areshiftedthroughthe horseshoe.

6.1. Bricked Video Spans

Thevideo bricks arerepresentedsa pointerstructurethat
containsk 3D texture objects.Basedon the information
given by the logical brick structure the memoryfor k tex-
tureobjectss allocatedandeachsinglevolumebrickis lled
with its correspondingideoframes Dynamicbrickingis re-
alizedby reassignindhe pointersin a cyclic way, forminga
ring-buffer datastructure.Thus,the last texture objectcon-
tainsinformationthatcanbe overwrittenand lled with the
framesthatnewly enterthehorseshoe.

Thefragmentprogramthatrendersa singlevolumebrick
is givenin Figure8. The rst line of codescalesthe tex-
ture coordinatedo a rangeof [ 1;1], becausehis permits
usto mapthecylindrical horseshoeoordinatedetween p
andp. This mappingleadsto a half circle in thexz plane,as
requiredby the benthorseshodseeFigure 6). The follow-
ing four linesrealizethe inverseof the mappingin Eq. (1),

float volData, tmpZ; float2 rp;

# horseshoeoominates
float3  Ikup;

# Cartesiancoorinates
float3  txCrd = In.TextureCoordO;

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

# mapfromP to C; computeradius& angle

* (L0;

p.X = sqrt(pow(txCrd.x,2) + pow(txCrd.z, 2));
p.y = atan2(txCrd.z,txCrd.x);

Ikup.x = (rpx - g_finRad) / (g_fOutRad - g_fInRad);
lkup.y = txCrd.y; tmpZ = rp.y/g_Pl;

# mapfromCtoB

lkup.z = (tmpZ - g_vScaleCrd.x) * g_vScaleCrd.y;

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

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

volData.x);

Figure 8: Thecompletecodeof an HLSL fragmentprogram
for the bricked,dynamicvideospans.

by rst computingthe radiusandangleof the intermediate
cylindrical coordinatesystemandthenmappingthemto the
coordinatesystemC, whichrepresentthevisible partof the
videovolume.The nal mappingtakesthe coordinatesnto
thelocal coordinatesystemof the brick B, whichis a subset
of thevisible videovolumeC. With thesebrick-relatedcoor
dinatesa 3D texturelookupis performedanda nal RGBa
valueis assigneaccordingo thetransferfunction.

6.2. Flow Geometry Bricks

Thegeometnybricksaresimilarly to the volumebricksheld
in a pointer structurethat easeghe swappingof the bricks
for the dynamicrenderingof large video data.Unlike the
volumebricks,a geometrybrick only consistf thelogical

structurethat holds the rangeinformation of the currently
visible region. The rendergeometryfor arrons andstream-
linesis constructedor the whole visible horseshoeegion

(Section5.2) only whenneedednddirectly mappedrom C

to P (Figure6). All pointsthatresultfrom particletracingare
storedin asinglevertex buffer andrenderedasline strip. The
arronv geometryis storedin anindexedvertex buffer to avoid

redundanvertices All buffersarerenderecsopaqueggeom-
etry beforethe semi-transparentolume is displayedwith

backto front blending.This renderingorderallows usto ac-
curatelymix geometryandvolumeinformationby meansof

thedepthtest.

6.2.1. Directional Textured Tracelines

Lines are 1D primitivesthat corvey information aboutthe
orientationand extent of a tracealongthe o w, but fail to
indicatethe o w direction. Therefore we addanimationto
highlight the directionof o w. Theideais to attachanani-
mated1D texture that movesinto the directionof the o w.
The texture needsto have somekind of visual structureso
that its motion can be perceved. In this paper we usea
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zebra-lile texture, as shavn in Figure 7. This imageillus-

tratesa spinningspherelying in the xy-planeand rotating
aroundthe z-axis. The arrov glyphsrenderedat seed-point
locationsshav the o w directionat thesecertainlocations.
In contrastthe tracedlines provide o w informationalong
alongerdistancecoveringmorelocationsof thedomain.

For texture mapping,eachvertex of a line is assigneda
texture coordinatewith arangebetweer|0; 1] from the rst
to the lastvertex, respectiely. By shifting the local texture
coordinateof eachvertex with a global parameteilt, the
texture movesalongtheline, in directionof the underlying
ow eld. The 1D texture doesnot needto be changedor
the animationand can thus be computedon the CPU and
downloadedo the GPUonce.

7. Resultsand Analysis

The VVR systemis capableof visualizing video streams
in realtime. With the bricking mechanisma video stream
canbe sggmentedinto small time spans,eachof which is
processedn the video processingsub-systermand pushed
to the renderingsub-systemThe processednulti- eld data
arethenusedto updatethe visualization.In this way, a con-
tinuousvideo streamcanbe visualizedaseithera seriesof
horsesho@magespr onedynamicallyupdatedmage.

Thethreeimagesin the bottomrow of Figure9 shav the
snapshot®f threetime stepsof the "LeftBag' video. From
the upperto the middle image,the horseshodasbeenup-
datedfour times,i.e., moved by four bricks. Fromthe visu-
alization, we can seea maoving object(i.e., a person)that
enteredthe sceneand then left an object (i.e., a bag) in
thescenebeforeexiting. By observingheglyphsassociated
with thetwo objectswe canrecognizethatthe objectbeing
left in the sceneremainedstationaryuntil a moving object
(in factthe samepersonyeturnedandtookit away.

Let us considerthe visualizationof anothervideo clip
shavn in the bottomrow of Figure 10. In bothupperhorse-

Table 1: Performanceresults, in fps, for the ‘LeftBag'

datasetwith a resolutionof 384 288 1600 pixels.All

timings were measued on a PC with 3.4 GHz Pentium4
andNVIDIA GeForce 7800GTX (256MB).Thetable shows
six differenttypesof renderingstyles:volumewithoutvideo
span (V-S), volume with video span (V+S), volume with

video spanand geometry(V+S+G), volumewith dynamic
videospan(V+DS),andall renderingfeatuescombined.

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
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frames700to 1200

frames1100to 1600

frame820 frame920 frame1020

Figure 9: Thetwo upperimagesshowthe "LeftBay' video
rendeed as bricked volumehorseshoeThethreeframesin
the lower row presentthe stages entering depositing and
leaving. Ensuingreenteringand picking up the boxcanonly
beseenin thehhorseshoevisualization,or thecolor plate

shoeimagesa moving objectenteredhe sceneandthenre-
mainedalmostmotionlesgor a while beforemaving again.
In comparisorwith the "LeftBag' videoclip, we canclearly
recognizehattherewasonly oneobject.In fact, this partic-
ularvideoshaws adrunkenmanfalling onthe oor.

In both video clips, eachbrick covers a time span of
about 3 seconds.With the GPU-assistedechniquesde-
scribed above, VVR can updatethe dynamic image for
eachnew brick well belov one second.The exact timing
for differentrenderingfeaturesis givenin Table 1. The ta-
ble demonstratethat o w visualizationdoesnot reducethe
overallrenderingperformancethevideospan(i.e., volume)
with geometry(i.e., o w) is renderedat the samespeedas
video spanonly. This behaior canbe explainedby the fact
that the renderingpipeline of VVR rendersthe opaquege-
ometry prior to the translucentvolume. With depthtesting
activated,thesystemmalesup for thelost speedor render
ing geometnyby neglectingpartsof the volumeoccludedby
theopaquegeometryTheresultsn Tablel alsoindicatethat
therenderingcostsareproportionalto the viewportsize.
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frames100to 600

framess00to 1000

frame615 frame780 frame995

Figure 10: Visualizationof the "Rest_RllOnFloor' video.
Thethreeframesin the lower row showthe stagesentering
lying, and leaving, which can be clearly seenin the upper
horseshoeémages.

8. Conclusionand Futur e Work

In this paper we have describeda systemdesignedspeci -
cally for real-timevideovolumevisualization.In fact, most
of CCTV cameragrovide a video streamwith an average
of 10fps or less.Therefore pur basicsystemis appropriate
for pre-processingndvisualizingsucha datastreamin real
time. Furthermorepur systemis capableof handlingmulti-
eld dataset@ndrenderingcombinedvolumeand o w vi-
sualization.Our bricking approachhasbeenfound to play
a critical role in delivering this technology Not only does
it enablelarge multi- eld datasetdo be accommodatech
memory-restrictedraphicshardware,but it alsoprovidesa
practicalmechanisnfor visualizingreal-timevideostreams.

A restrictionof the systemis the size of the streamable
video volume,which is limited by GPU memory Further
more,all lters underlythe typical problemsof imagepro-
cessingalgorithms suchaseffectsof changindighting con-
ditions or backgrouncdhoiseproducedby the recordingde-
vice. Oneareafor futurework is to provide a closecoupling
betweenvideo processinglters andthe renderingframe-
work for realizing a full pipeline at an interactive rate. In
addition,directstreamingshouldbe supportedat this stage

of developmentthe video datawas streamedrom disk, not
from acamera.
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