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Abstract
In recentyears, the convergenceof computervision and computergraphicshas put forth new research areas
that work on scenereconstructionfrom and analysisof multi-view video footage. In free-viewpoint video, for
example, new views of a sceneare generatedfrom an arbitrary viewpoint in real-timeusinga setof multi-view
videostreamsas inputs.Theanalysisof real-world scenesfrom multi-view videoto extract motioninformation
or re�ection modelsis another�eld of research that greatly bene�ts from high-quality input data. Building a
recording setupfor multi-view video involvesa great effort on the hardware as well as the software side. The
amountof image data to beprocessedis huge, a decentlighting andcamera setupis essentialfor a naturalistic
sceneappearanceand robust backgroundsubtraction,and thecomputinginfrastructure hasto enablereal-time
processingof therecordedmaterial.Thispaperdescribesour recordingsetupfor multi-view videoacquisitionthat
enablesthesynchronizedrecordingof dynamicscenesfrommultiplecamera positionsundercontrolledconditions.
Therequirementsto theroomandtheir implementationin theseparatecomponentsof thestudioare describedin
detail. Theef�ciency and �exibility of theroomis demonstratedon thebasisof theresultsthat weobtainwith a
real-time3D scenereconstructionsystem,a systemfor non-intrusiveoptical motioncapture anda model-based
free-viewpointvideosystemfor humanactors.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.8 [ComputerGraphics]:ApplicationsI.4.9 [Image
ProcessingandComputerVision]: ApplicationsI.4.1 [ImageProcessingandComputerVision]: Digitization and
ImageCaptureI.4.5 [ImageProcessingandComputerVision]: Reconstruction

1. Intr oduction

In recentyears,one tendency in computergraphicsis to
include information that was measuredin the real world
into therenderingprocess.New researchdirections,suchas
image-basedor video-basedrendering,investigatethepossi-
bility of creatingnew realisticviewsof ascenefrom asetof
realworld imagesor videostreams.For therealisticrender-
ing of surfacematerials,theacquisitionof surfacere�ection
modelsfrom imagesof real objectsis becomingmoreand
moreimportant.

In computervision,analysisof andmodelreconstruction
from imagesandvideostreamshaslongbeenin thefocusof
interest.Theconvergenceof computervision andcomputer
graphicscreatesthe new researchareaof surroundvision
thatdependsonhighqualitymulti-view imagedata.Among
themostdif�cult to acquireimagematerialaresynchronized

videostreamsof dynamicscenesthatarerecordedfrom mul-
tiple camerapositions.

The needof high quality multi-video data is motivated
by the wide rangeof interestingapplicationareas,some
of which shall be mentionedbrie�y . In visual media,such
as TV or feature�lms, an ever increasingapplicationof
ComputerGraphicselementscan be observed. Computer-
animatedhumancharactersarewidely usedin movie pro-
ductionsand commercialspots.To make their appearance
natural,humanmotioncapturetechnologyis usedto acquire
thehumanmotiondatafrom videofootageof a moving real
person.

The advent of increasinglypowerful computersand the
existenceof high-endgraphicshardwareeven in consumer
PCsmakespossibleresearchingnew immersive visual me-
dia. In free-viewpoint video,a real-world sceneis recorded
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from multiple camerapositions.Using the recordedvideo
footage,a three-dimensionaltemporallyvarying model of
the dynamicsceneis reconstructed.A viewer is thengiven
the freedomto interactively choosean arbitrary viewpoint
ontothereconstructed3D video.

While the reconstructionandanalysisalgorithmsin hu-
manmotioncaptureandfree-viewpoint videoare,by them-
selves,computationallychallenging,the actualacquisition
of themulti-view videofootagerequiresconsiderableeffort
on thehardwareaswell ason thesoftwareside.

In this paper, a new multi-view videostudiois described
thatis both�e xible andversatile.It is designedfor theacqui-
sitionof referencevideodatato beusedin differentsurround
visionapplications,suchasvision-basedhumanmotioncap-
ture, real-time3D scenereconstructionand free-viewpoint
videoof humanactors.It is demonstratedthatusingoff-the-
shelfhardware,anef�cient andcomparablyinexpensive ac-
quisitionroomcanbedesigned.

Therestof thepaperstartswith areview of previouswork
(Sect.2). After a descriptionof the requirementsand the
studio conceptin Sect.3, the separatecomponentsof the
studio suchas the room layout (Sect.4), the camerasys-
tem(Sect.5) andlighting (Sect.6) aredescribed.Thecom-
puter hardware and the software subsystemare explained
in Sect.7 andSect.8. In Sect.9 a real-timevisual hull re-
constructionsystem,a non-intrusive humanmotioncapture
methodanda systemfor free-viewpoint videoof humanac-
tors aredescribedin moredetail. The paperproceedswith
a discussionin Sect.10 andconcludesin Sect.11 with an
outlookon futureimprovementsof thestudio.

2. PreviousWork

Theadventof new researchareasin computergraphicsand
computervision, suchas image-basedrenderingandauto-
matic analysisand reconstructionfrom video streamshas
createdtheneedfor high quality real-world imagedata.For
acquisitionof thesedata,complex special-purposesetups
needto bebuilt.

For realisticrenderingof materialstheacquisitionof sur-
facere�ection propertiesfrom real object is essential.Dif-
ferentacquisitionsetupsconsistingof high-qualitycameras
anda setof light sourceshave beenproposedin the litera-
ture6; 26.

Whereasthe setof still imagesunderdifferent illumina-
tion conditionsobtainedduring the measurementof re�ec-
tionpropertiesisalreadyverymemory-intensive,theamount
of datato behandledin multi-view videoprocessingis even
larger.

In video-basedhumanmotion capture,researchersuse
multiple video streamsshowing a moving personfrom dif-
ferentviewing directionsto acquirethemotionparameters.
Commercialmotion capturesystemsexist that useoptical
markerson the body in connectionwith several expensive

high-resolutionspecialpurposecameras19. Marker-freemo-
tion capturealgorithmsalsoexist thatdon't requireany in-
trusioninto thescene.In 4 thevolumetricvisualhull 12 of a
personis reconstructedfrom multiple cameraviews,andan
ellipsoidalbodymodelis �tted to themotiondata.Thevideo
acquisitiontakesplacein a 3D Roomthatallows recording
with up to 48cameras11. A similarsetupfor motioncapture
using reconstructedvolumesis proposedin 14. A different
multi-camerasystemfor volumereconstructionthat usesa
custom-madePC clusterfor video processingis described
in 2. Several othervideo-basedhumanmotion capturesys-
temsexist thatusemulti-view cameradataasinput 7; 5.

In 3D or free-viewpoint video,multi-view videostreams
areusedto reconstructa time-varyingmodelof ascene.The
goalis to giveaviewerthepossibilityto interactively choose
hisviewpointontothe3D modelof thedynamicscenewhile
it is rendered.A systemfor acquisitionof multi-view images
of apersonfor reconstructionof shortmotionsequencesus-
ing conventionaldigital camerasis usedin 27. In a previous
stageof their 3D Room, Narajananet. al. built a domeof
over 50 camerasto reconstructtextured3D modelsof dy-
namicscenesusingdensestereo.To handlethehugeamount
of imagedata,thevideostreamsarerecordedon videotape
�rst anddigitizedoff-line. In 16 amulti-camerasystemis de-
scribedto recorda moving personfor reconstructionof the
polygonalvisual hull in an off-line process.The previous
paperis an extensionof the original work on polygonal17

andimage-basedvisualhulls 18 thatemploy a multi-camera
systemfor real-time3D modelreconstruction.A systemfor
recordingandeditingof 3Dvideosbasedontheimage-based
visualhull algorithmis describedin 28.

3. Our Studio Concept

The studio whosesetupand applicationscenariosare de-
scribedin this work is intendedto bea universalacquisition
environmentfor different researchprojectsin surroundvi-
sion. The applicationsin mind includevideo-basedhuman
motioncapture,real-time3D scenereconstructionandfree-
viewpointvideo.Therefore,�e xibility andversatilityareim-
portantdesigncriteria.To keepthecostaswell astheadmin-
istrative overheadmoderate,off-the-shelfhardware is pre-
ferredoverspecial-purposeequipment.

On theperformanceside,the requirementsto thesystem
arechallenging.Thesetupmustbeableto acquireandpro-
cessvideodatain real-time.At thesametime it alsohasto
provide the necessarystoragebandwidthfor recordingand
saving of multi-videostreams.Intermediatestorageof video
dataon analogmedia,suchasvideotapes,is not acceptable
sincewewantto keepthehardwareandadministrativecosts
low andto preventquality lossesduringtheconversioninto
digital form.

Importantdesignissuesinvolvetheappliedcameraequip-
ment,thelighting, thesupportingcomputingsubsystemand
thespatiallayoutof thevideoroom.Theseveralsubsystems
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Figure 1: Illustration of theacquisitionroomwith camerasrenderedascones(1). Thecontrol roomof thestudio(2) andthe
largerecordingareawith calibrationpattern,camerasandall-aroundcurtain(3). Oneof thevideocamerasmountedona pole
(4).

of the cameraroom aredescribedin moredetail in the fol-
lowing sections.

4. RoomLayout

The spatialdimensionsof the room needto large enough
to allow multi-view recordingof dynamic scenesfrom a
suf�cient distanceandfrom a large numberof viewpoints.
Hence,the studio is installed in a room of approximately
11 by 5 metersin size.Theceiling hasa heightof approxi-
mately3m.Along oneof theshorterwallsanareaof 1.5mby
5m is separatedthatservesasa control roomof thestudio.
The remainingareaof the studio,which is surroundedby
opaqueblackcurtains,is completelyavailablefor recording
(Fig. 1).

5. CameraSystem

The camerasusedin the studioneedto ful�ll the require-
mentsspeci�c to multi-view video applications.First, they
mustprovide the possibility of externalsynchronizationto
make surethat the multi-view video streamsare correctly
registeredin time.Second,thecamerashave to deliver high
frame-ratesof at least 15 fps at a suitable resolutionof
320x240or 640x480pixels.For scenescontainingelements
thatmove very rapidly, frameratesof at least30 fps should
be possible.Furthermore,the transferof the imagedatato
thecomputerneedsto beef�cient. Evenwith ahighnumber
of cameras,a suf�cient bandwidthhasto beavailablein the
appliedbussystem.

Considering these requirements,we decided to use
SonyTM DFW-V500 IEEE1394cameras.TheseCCD cam-
erasprovide a frameresolutionof up to 640x480pixels at
30 fps. External synchronizationis possiblevia a trigger
pulsesentto thecamerathroughanexternalconnector. The
framesareprovidedin YUV 4:2:2format,andthey aredig-
itally transferredto the hostcomputerusingthe IEEE1394
interface.This way, the additionalhardwareoverheadof a
frame-grabbercardis prevented.Thebusbandwidthof 400
MBit/s is suf�cient to control two of the cameraswith one

PC. The camerasprovide a high numberof adjustablepa-
rametersandan automaticwhite-balancing.Parametersets
for differentapplicationscanbe storedin internalmemory
channels.

Currently, up to 8 camerascan be installed at arbi-
trary locations in the studio. For positioning, telescope
poles(ManfrottoTM Autopole15) with 3-degree-of-freedom
mountingbrackets (ManfrottoTM GearHeadJunior 15) are
usedthat canbe jammedbetweenthe �oor andthe ceiling
(Fig. 1).

For most applications,the internal and external camera
parametersof eachof the8 imagingdevicesmustbeknown.
To achievethis,acalibrationprocedurebasedonTsai'salgo-
rithm is applied24. Theexternalcameraparametersareesti-
matedusinga2� 2mcheckerboardcalibrationpatternonthe
�oor in thecenterof the room.Thecornersof thechecker-
boardaredetectedautomaticallyby employing a sub-pixel
cornerdetectionalgorithm on the cameraimagesshowing
thepattern9. Theinternalcameraparameters(centerof ori-
gin in theimageplane,effective focal length)cancalculated
from thelargecheckerboardpatternalsoby meansof Tsai's
calibrationmethod.More accuratedeterminationof the in-
ternalparametersis achievedby usingasmallcheckerboard
patternattachedto a woodenpanelthat can be positioned
to cover a largepartof eachcamera's �eld of view. Due to
thesuf�ciently steepviewing anglebetweenthecamerasar-
rangedaroundthesceneandthepatternonthe�oor , thecon-
curringeffectsof focal lengthandcameratranslationcanbe
robustlydistinguished.

6. Lighting

The studio lighting is an importantissuefor the quality of
the producedvideo material.The appliedequipmentmust
be�e xibleenoughto producegoodlightingconditionsunder
differentscenarios(Sect.9). In our free-viewpointvideoand
motion from video research,robust separationof the fore-
groundobject from the backgroundis essential.Therefore,
thenumberof shadowscastonthe�oor hasto beminimized,
whereasthescenehasto remainluminousenough.Further-
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more,theappliedlighting shallgive thescenea naturalap-
pearance,which is animportantcriterionfor free-viewpoint
video(Sect.9).

To make backgroundsubtractioneasier, a chroma-keying
approachis traditionally applied.There, the studio back-
groundis paintedin auniformcolor, suchasblueor green27.
In the cameraimages,the foreground object is separated
from the backgroundby discardingall pixels that areclose
in color to the backgroundcolor. Thereexists a numberof
problemswith this approach,oneof theseundesiredeffects
is that particularlyin small studiosthe backgroundcolor is
re�ected from theforegroundobjectandgivesit anunnatu-
ral appearance.

In ourstudio,adifferentsetupis chosen(seealsoSect.8).
To minimizetheeffectsof externallight on thecenterof the
scene,and to minimize the visual appearanceof shadows
caston thewalls, thestudiois equippedwith anall-around
opaqueblackcurtain.The�oor canbecoveredwith a black
mattecarpetthat canbe easily removed to reveal the cali-
brationpattern.The describedcovering of the �oor andof
the walls greatly improves the robustnessof a color-based
backgroundsubtractionscheme(Sect.8). Shadowscastby a
moving objector personareonly slightly differentin color
from the backgroundand cannotwrongly be classi�ed as
foreground.At the sametime, unwantedre�ection of the
backgroundcolor onto the foregroundobject,as it is often
observedin methodsemploying ablueor green-screen27, is
prevented.

Thereexist threerows of light sources(SitecoTM louver
luminaire 22) on the ceiling that have a large spatialextent
and producea very uniform lighting in the centerof the
scene.Theselight sourcesilluminate objectsin the center
of thescenefrom thetop at rathersteepanglesonly. This is
achieved by multiple re�ectors that spreadthe light homo-
geneouslydownwardsbut preventdirect illumination of the
cameralenses.This lighting setupallowsa�e xible position-
ing of thecameraswhile preventingdirect recordingof the
light sourceswhichwouldcauseglaresin thecameraoptics.
In addition,sharpshadows andunwantedhighlightson the
recordedobjectsareprevented.For �e xibility , 3 spotlights
arealsoavailablethatcanbeplacedat arbitrarylocationsin
theroom.

7. Computer Infrastructur e

For dataprocessing,the studio is equippedwit 4 standard
PCsthat featureAMD 1 GHz AthlonTM CPUs,768MB of
mainmemoryandgraphicscardswith Nvidia GeForce3TM

GPUs.Eachcomputerhas3 IEEE1394connectors.Theop-
eratingsystemusedis Linux with kernelversion2.2.18.The
computersareconnectedvia a100MBit/s Ethernetnetwork.
In thecurrentsetup,onePCis connectedto two of thevideo
cameras.

Thecomputingequipmentis �e xible enoughto allow dif-
ferentsoftwarearchitecturesfor thedifferentapplications.A

commondesignprinciple is to exploit parallelismby using
a client-server setup.Theclient computersacquireandpre-
processthevideoframesin real-time.Finalprocessing,such
as3D modelreconstructionandvisualization,is doneonthe
server computer. The developmentof client-server systems
is supportedby thestandardsoftwareenvironmentin thestu-
dio (Sect. 8). The speci�c detailsof the softwarearchitec-
turesfor differentresearchprojectswill begivenin Sect.9.

For synchronizationof the cameras,a control box was
built that distributesa trigger pulsefrom the parallel port
of a hostcomputerto up to 8 cameras.For triggercontrol,a
Linux kerneldriverwasimplemented.

8. SoftwareLibrary

A standardsoftwarelibrary wasdevelopedthatallowsappli-
cationsin thestudioto interfacetheavailablehardwarecom-
ponents.For controlof thecamerasahigh-level C++ library
basedonthelibdc139425 opensourceIEEE1394packageis
available.Threadclassesfor asynchronousreadingof cam-
eraframesandvisualizationof imagesonthescreenarealso
provided.A standardsetof imageprocessingclassesbased
ontheIntel ImageProcessingLibrary 8 andtheOpenSource
computervision Library 9 is availablefor inclusioninto the
applicationcode.A tool for cameracalibrationusingTsai's
method24 is available.Codefor correctionof �rst orderra-
dial lens distortion effects 10 as they are recoveredduring
calibrationis alsoprovided.

For the developmentof client-server software that con-
trols the camerasandprocessesthe data,a setof reference
implementationsfor sendingand receiving of image and
volumedatais available.The implementationof client and
server classesis basedon theAdaptive CommunicationEn-
vironment(ACE) 21.

An important componentof the basic software library
are the backgroundsubtractionclasses.We implementeda
subtractionschemefor generalbackgroundsbasedon pixel
color statisticsoriginally proposedin 4. Thealgorithmcom-
putesmeancolorandstandarddeviationof eachbackground
pixel from a sequenceof imageswithout a foregroundob-
ject.Foregroundpixelsareidenti�ed by a largedeviation of
their color from the backgroundstatistics.If no additional
criterion is applied,shadow pixelsarewrongly classi�edas
foreground.Shadows arecharacterizedby a large intensity
differencecomparedto the background,but only a small
differencein hue.This criterion is appliedto minimize the
numberof wronglyclassi�edpixelsin shadow.

Thecombinationof thestudiostandardsoftwareandhard-
waremakespossibletheeasyimplementationof scalableap-
plicationprototypes.Usinga client-server architecture,sys-
temsareeasilyextendableby inclusionof moreclients.Ex-
perimentscanbedonewith a largenumberof differentcam-
erasetupswithoutmajorchangesin theapplicationcode.

c
 TheEurographicsAssociation2003.



Theobaltetal / A FlexibleandVersatileStudiofor SynchronizedMulti-view VideoRecording

Figure 2: Visual hull reconstruction.Six conesare gener-
atedfromsilhouetteimagestaken fromdifferent viewpoints
(l). Reconstructed3D Object(r).

9. Applications

In thissection,thefunctionalityof theroomis demonstrated
usingresearchprojectsthatwereundertakenwith theavail-
ableequipment.

9.1. Visual Hull Reconstruction

Silhouettesof 3D objectsprovide strong cuesfor recon-
structing3D geometryfrom 2D images.Thereconstruction
methodis well known asshape-from-silhouette20. Lauren-
tini introducesthevisualhull concept12 to characterizethe
bestgeometryapproximationthat can be achieved by this
method.Theoretically, thevisualhull mustbereconstructed
usingsilhouetteimagesfrom all possibleviewpoints.How-
ever, in practice,wearelimited to employ only a �nite num-
berof availableimages.

Thebasicprincipleof visualhull computationis fairly in-
tuitive. Sincetheviewing informationassociatedwith each
silhouetteimage is alreadyknown in the cameracalibra-
tion step,we are able to back-projecteachsilhouetteinto
3D space.This producesa generalizedconecontainingthe
actual3D objectin question.Theintersectionof suchcones
from all referenceviews givesan approximationof the vi-
sualhull. Fig. 2 illustratesthisprocess.

Therearetwo differentapproachesfor visualhull recon-
struction:volumetric and polyhedral.The former one tes-
sellatesa con�ned 3D spaceinto voxels. Theneachvoxel
is projectedonto every referenceimageplane.The voxel,
whose projection falls outside of any silhouette,will be
carved away. The later approach�rst extracts2D contours
from silhouetteimage.Then explicit polyhedralrepresen-
tationsof generalizedconesaregeneratedfrom all silhou-
ettecontours.Finally, byperforming3D intersectionof these
cones,apolyhedralvisualhull is reconstructed.

We have implementedboth of the above approachesin
a distributedreal-timeclient-server system(Fig. 3, seealso
Sect. 9.2). The silhouetteimagesare obtainedusing the
backgroundsubtractionclassesexplained in Sect. 8 and
transferredto the server. An open sourcelibrary 1 is ap-
plied to compute3D polyhedralintersections.Using6 cam-

Figure3: Client-serverarchitectureof thevisualhull recon-
structionsystem.

eras,thevolumetricreconstructionrunsat interactive frame
rates(about8-10fps), whereaspolyhedralreconstructionis
achieved in real time (about25fps). Using a new method
exploiting off-the-shelfgraphicshardware,polyhedralhulls
can be reconstructedat up to 40 fps 13. (Fig. 4). The sys-
tem scaleseasily to a higher numberof client computers,
a hierarchicalnetwork structureis also possiblefor larger
systems.The acquisitionenvironmentenablesrobust back-
ground subtractionwhile preservinga natural appearance
of thescene.The implementationmakesoptimaluseof the
availablesoftwarecomponents.

Figure 4: Texturedpolygonalvisualhull (l) andunderlying
polygons(r).

9.2. Human Motion Capture

Video-basedHumanmotion captureis the task of acquir-
ing the parametersof humanmotion from video sequences
of a moving person.In our work, we focuson the model-
basedacquisitionof humanmotion without the application
of opticalmarkersontheperson'sbody. In 23, wepresenteda
systemthatcombinesthevolumetricreconstructionof aper-
son's volume from multiple silhouetteswith a color-based
featuretrackingto �t amulti-layerkinematicskeletonmodel
to the motion dataat interactive framerates.In Fig. 5, an
overview of themotioncapturesystemarchitectureis given.
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Figure5: Motioncaptureclient-serverarchitecture.

The software is implementedas a distributed client-
server application.Two camerasare connectedto one PC
on which theclient applicationis running.Eachclient com-
puterrecordsvideoframesataresolutionof 320x240pixels,
andperformsabackgroundsubtraction(Sect.8) andsilhou-
ettecomputationin real-time.Furthermore,eachclient ma-
chinecomputesa partial, voxel-basedvisual hull from the
two silhouetteviews availableto it. To do this, thesceneis
subdivided into a regulargrid of volumeelements(voxels).
Eachof the voxels is projectedinto the silhouetteviews of
the camerasand classi�ed as occupiedspaceif it projects
into theforegroundsilhouette.Thisstepis very fastsince,in
our staticcamerasetup,theprojectionscanbeprecomputed
andstoredin a lookup-table.By this step,a volumetricap-
proximationto the visual hull is computedon eachclient
computerthat is run-length-encodedandtransmittedto the
serverapplication.

On theclient computercontrollingthe2 camerasthatob-
serve thepersonfrom font, color-basedtrackersarerunning
that follow the motion of the head,the handsandthe feet.
Via triangulation,the3D locationsof thesefeaturesarecom-
putedandalsotransferredto the server. The homogeneous
lighting in the studiominimizescolor variationsof hands,
headandfeetdueto positionchangesof thebody. Thisway,

Figure6: Skeleton�tted to visualhull of a movingperson.

Figure 7: An input videoframe(l) andthebodymodelpose
recoveredby themotioncapturealgorithm(r).

color-basedtracking works robustly in a large areaof the
studio.

Ontheserver, thecompletevisualhull is reconstructedby
intersectionof thepartialvolumes.In aseparatestep,a two-
layer kinematicskeletonis �tted to the motion datausing
the reconstructed3D featurelocationsandthe voxel-based
volumes.

In Fig. 6 resultsobtainedwith oursystemareshown. The
depictedvisualhull wasreconstructedfrom 4 cameraviews.
The completeclient-server systemperformingbackground
subtraction,visual hull reconstruction,featuretrackingand
visual hull renderingcan run at approximately6-7 fps for
a 643 voxel volume.For anaveragemotionsequence,a �t-
ting frame rate of 1-2 fps is achieved. Due to the combi-
nationof featuretrackingandvolumetric�tting, thesystem
becomesmorerobustagainstproblemsthataretypically ob-
served with visual hull reconstructionapproaches.Even in
thepresenceof phantomvolumesthataredueto insuf�cient
visibility, the�tting procedurecancorrectlyrecovertheright
bodypose.

Themotioncapturesystemcanef�ciently makeuseof the
resourcesavailable in camerastudio.Finding goodcamera
positionsto minimizereconstructionartifactsin thevolumes
requiresfrequentrepositioningof thecameraswhichismade
easyby thetelescopepoles.Thestudiosetupalsoguarantees
that the backgroundsubtractionquality will not deteriorate
in any new cameraposition.By relyingoncommonsoftware
library components,the combinationof the visual hull re-
constructionwith themodel�tting stepwassimpli�ed. The
systemis alsoscalableto ahighernumberof clients.

9.3. Free-Viewpoint Video

The goal of free-viewpoint video is to build a three-
dimensional,timevaryingrepresentationof adynamicscene
that was previously recordedby multiple video cameras.
Duringplaybackof this three-dimensionalvideo,theviewer
caninteractively choosehisviewpointontothescene.

In our camerastudio, we test a new model-basedap-
proachfor recording,reconstructingandrenderingof free-
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viewpoint video of humanactors3. The systememploys a
generichumanbody model whosemotion parametersare
acquiredby meansof a marker-lesssilhouette-basedhuman
motioncapturealgorithm.For realisticmodelingof thetime-
varyingsurfaceappearanceof theactor, amulti-view textur-
ing methodis appliedthatreconstructssurfacetexturesfrom
cameraimages.

Theproductionof afree-viewpointvideocanbeseparated
into threesteps.The�rst stepis theacquisitionof themulti-
view videomaterial.Whereasfor theprevious two applica-
tionsreal-timerecordingandprocessingof thevideostreams
is needed,in this scenario,off-line recordingand ef�cient
streamingto disk is required.The appliedhardware setup
is similar to the architecturedepictedin Fig. 3. The imple-
mentationof therecordingsoftwareis straightforwardsince
thestandardstudiolibrary providesalmostall thenecessary
components.Theclientcomputersreadout thevideoframes
from the two connectedcamerasandstreamthemdirectly
to disk.A server thatsimultaneouslyrunsa client sendsthe
trigger signalsto all cameras.At a resolutionof 320x240
pixels,15 fps areachieved whenrecordingwith 8 cameras
and4 clientcomputers.Thevideoframesarewritten to disk
in uncompressedraw RGBformat.

The next step is the model-basedreconstructionof the
free-viewpoint video sequence.The main part of this step
is asilhouette-basedmotionparameterestimationalgorithm
that appliesfeaturesof latestconsumergraphicshardware
duringtracking.In an initialization step,thegenerichuman
bodymodelconsistingof a trianglemeshsurfacerepresen-
tationandanunderlyingkinematicskeletonis adaptedto the
silhouettesof thepersonstandingin a specialpose.At each
time stepof thevideo,motionparameterestimationis done
by meansof ahierarchicaloptimizationprocedurethatmax-
imizestheoverlapbetweenthemodelandimagesilhouettes.
Theerrormetricto measurethe�t is ef�ciently computedin
graphicshardware.

The last stepis the playbackof the 3D video sequence.
During playback, time-varying textures that are recon-
structedfromall availablecamerasareattachedto thehuman
bodymodel.Renderingof thescenecanbedonein real-time
andmorethan30 fpscanbeeasilyachieved.

Fig. 7 shows oneof the input cameraviews out of a se-
quencetaken from 7 cameraperspectives.The correspond-
ing poseof thebodymodelasit is foundby themotioncap-
turealgorithmis alsoshown.Fig.8showstwoscreenshotsof
therendererdisplayinganew viewpointontoareconstructed
dynamicscene.Interactive editingof therecordedvideoby
changingthebodyposeis alsopossibleasit is shown in the
left image.

The visual resultsof the renderingandthe resultsof the
motioncaptureprove,thattheemployedcameraandlighting
equipmentareef�cient in severalaspects.Theappearanceof
thesurfacetexturesis very naturalwhile, at thesametime,

Figure 8: Bullet-timeposeas knowfrom feature �lms cre-
atedbymanualediting(l), screenshotof a dancingsequence
froma new camera position(r).

the backgroundsubtractionstill works robustly enoughto
producehigh-qualitysilhouettes.

10. Discussion

Theresultsobtainedwith thepreviously describedsoftware
systemsshow that the acquisitionroom providesa �e xible
infrastructureto developconceptuallydifferentsurroundvi-
sionapplications.Thephysicallayoutof theroomallowsthe
recordingof comparablylarge dynamicscenesfrom multi-
plecameraviews.Thecommitmentto acommonbasicsoft-
warelibrary simpli�es thereuseof softwarecomponentsfor
otherresearchprojects.

11. Conclusionand Futur eWork

In this paper, the designandconstructionof an acquisition
roomfor multi-view videois described.Thedesignrequire-
mentsareexplainedandtheir implementationin thediffer-
entstudiosub-systemsanalyzed.It is explainedwhy build-
ing a roomfor multi-view videorecordinginvolvesef�cient
solutionsto differenthardwareandsoftwareproblems.The
amountof datato be processedis huge,hencean ef�cient
computingsubsystemis necessarythat alsoprovidessuf�-
cient I/O-bandwidth.Thecamerashave to ful�ll theneces-
saryframerate,resolutionandcon�gurability requirements.
The lighting equipmenthasto provide suf�cient illumina-
tion for a naturalsceneappearancewhile the robustnessof
thebackgroundsubtractionmethodmustnotbeworsened.

We demonstratedthe ef�ciency of our multi-view video
studioby meansof differentresearchprojects.The camera
roomprovesto bea�e xible environmentfor real-timeacqui-
sition andprocessingof multi-view video streams,aswell
as for off-line recording.The availablehardwareandsoft-
ware infrastructureenablesthe fastdevelopmentof client-
server softwaresystemsbasedon standardsoftwarecompo-
nents.Theprovidedstandardclasslibrary of imageprocess-
ing tools greatlysimpli�es the developmentof application
prototypes.Theapplicationof off-the-shelfhardwarekeeps
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thecostof thewholeenvironmentmoderatewhile not com-
promisingversatility.

In the future, the acquisitionroom will be used,e.g., to
recordsampledatathatwill alsobemadeavailableto MPEG
communitythat is currently in the processof developinga
standardfor 3D video. An extensionof the static setupto
a mobilesetupby usingseveralnotebookcomputersis also
beinginvestigated.
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