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Abstract

In this paper we presenta scalablearchitectuie to com-
pute visualizeandinteractwith 3D dynamicmodelsof real
scenes.This architectue is designedor mixedreality ap-
plicationsrequiring sudy dynamicmodels,tele-immesion
for instance Our systenconsistsn 3 main parts: the ac-
quisition, basedon standad r ewire cameas; the compu-
tation, basedon a distribution schemeover a clusterof PC
and using a recentshape-fom-silhouettealgorithm which
leadsto optimally precise 3D models; the visualization,
which is achieved on a multiple display wall. The pro-
poseddistribution schemeensuesscalability of the system
andherebyallowscontwl overthe numberof cameasused
for acquisition,the frame-ate, or the numberof projectors
usedfor high resolutionvisualization. To our knowledg
this is the r st completelyscalablevision architecture for
real time 3D modeling from acquisitionto visualization
through computation. Experimentalresultsshowthat this
framevorkis very promisingfor real time 3D interactions.

1 Intr oduction

Interactve and mixed reality ervironments generally
rely on the ability to retrieve 3D informationaboutusers,
in realtime, in an interactionspace. Suchinformationis
usedto make realandvirtual worldsconsistentvith onean-
other Traditionalsolutionsto this problemusually consist
in tracking positionsof sensordy meansof varioustech-
nologiesincluding electromagnetigvaves,infraredsensors
or accelerometerd-dowever, this requiresusersto wearin-
vasie equipmentandusually speci ¢ body suits. Further

more it doesnot leadto a shapedescription,as required
for mary applicationssuchastele-immersiorfor example.
In this paper we considera more e xible classof methods
basedon digital cameras.Thesemethodscancompute3D
shapemodelsin real-time,andwithout any markersor ary
speci ¢ equipment. We proposea frameawvork in this con-
text, from acquisitionto visualizationandinteractions Our
objective is to provide a e xible solutionwhich especially
focusenissueghatarecritical in suchsystemsprecision
of the 3D model,precisionof thevisualizationandprocess
speed.

Several multi-camerasystemsfor dynamic modeling
have beenproposed.Stereobasedsystemswere rst pro-
posed[16] for virtualization but mostrecentsystemsuse
imagesilhouettessinputdatato compute3D shapesThey
canbeclassi edaccordingo thefactthatthey work of ine
or in real-time,and also by the type of 3D modelswhich
they build. Of ine systemallow complex andprecisemod-
elsto be built [6, 5], in particulararticulatedmodels,how-
ever they do not allow real-timeinteractionasintendedin
thiswork. Mostreal-timesystemssuchas[7,10], thathave
beenproposedn the past,computevoxel models,i.e. dis-
crete3D modelsmadeof elementaryparallelepipedicells.
Interestingly several systemsn this cateyory [4, 12,13, 18]
use a distribution schemeover a PC clusterto speedup
computation@ndhence provide somekind of controlover
themodelprecisionandthe processpeed However, voxel
basedmethodsarestill impreciseunlessa hugenumberof
voxelsis used. Furthermorethey requirepost-processing,
typically a marchingcubesapproach,to producesurface
shapes.This is computationallyexpensve, and generates
very small-scalegeometrywheneer precisionis required.

Anotherclassof realtime, but non-parallelapproaches
directly rendernew viewpoint images[17] using possibly



graphiccardsfor computations[4]. Basedon the Image
Basedvisual Hull method15], theseapproachesf ciently

focuson the desired2D image,but they still rely on a sin-
gle PC for computations limiting the numberof video-
streamsor the frame-rate andthey do not provide explicit
3D shapesasrequiredby mary applications.

In contrastto the aforementionedystemspursdirectly
computeswatertightand manifold surfacemodels. These
surfacemodelsareexactwith respecto theinputsilhouette
informationavailableand, as such,are optimal and equiv-
alentto voxel grids with in nite resolutions. A particular
emphasishasbeenput on the systemscalabilityto ensure
e xibility andto addresperformancandhardwarecostef-
ciency issues.To thisaim, thesystemns composeaf mul-
tiple commoditycomponentsFireWre cameraglistributed
onmultiple PCsinterconnectethrougha standardethernet
network, aswell as multiple projectorsfor a wall display
To reachrealtime performancea carefuldistribution of the
work load on the differentresourcess achiezed. For that
purposeverely onamiddlewvarelibrary calledFlowVR [1],
dedicatedo thedistribution of interactive applications.

Section2 outlinesthe global approach. Section3 dis-
cussesssuegelatedtoimageacquisition.The3D modeling
algorithmandits parallelimplementatioris thenexplained
in section4. In section5, interactionsandvisualizationare
described.Sectior6] detailsthe distributed frameavork for
our system. Section7| presentssomeexperimentalresults
beforeconcludingin section8.

2 Outline

Our goal is to compute 3D shapesof usersin an
acquisition spacesurroundedby several camerasin real
time (see gure [1). Suchmodelsaresubsequentlysedfor
interactionpurposesincludingdisplay In orderto achieve
this, severalprocessemustbe coupled.

Acquisition Fixedcamerasresetto surroundhescene.
Their calibrationis obtainedof ine throughoff-the-shelfli-
brariessuchasOpenCV Eachcameras handledby a dedi-
catedPC.Eachacquiredmageis locally analyzedo extract
regionsof interest(the foreground)which arethenvector
ized,i.e. theirdelimiting polygonalcontoursarecomputed.

3D modeling A geometrianodelis thencomputedrom

thesilhouettesusinganef cient methodto computethe vi-
sual hull [13]. Obtainedvisual hull polyhedronsare suf-
cient for numerousVR applicationsincluding collision
detectionor virtual shadev computationfor instance. To
reacharealtime execution,their computatioris distributed
amongdifferentprocessors.

Interactions and Visualization The 3D meshis asyn-
chronouslysentto the interactionenginesandto the visu-
alization PCs. Multi-projector renderingis handledby a

Figure 1. From multi-camera videos to dy-
namic textured 3D models

mixed replicated/sort- rstapproach.
3 Acquisition

Acquisitiontakesplaceon a dedicatedsetof PCs,each
connectedo a singlecamera.ThesePCsperformall nec-
essanypreliminaryimageprocessingteps:colorimageac-
quisition,backgroundubtractiorandsilhouettepolygonal-
ization (see gure 2). All camerasare standard re wire
camerascapturingimagesat 30 fps with a resolutionof
780x580in YUV color space.



Figure 2. The diff erent steps in the acquisi-
tion process: (a) the original image; (b) the
binary image of the silhouette; (c) the exact
silhouette polygon (250 vertices); (d) a sim-
plied silhouette polygon (55 vertices).

3.1 Synchronization

Dealingwith multipleinputdevicesraisegheproblemof
datasynchronization.Indeed,our applicationsrely on the
assumptiorthattheinput datachunksrecevedfrom differ-
entsourcesare coherent,.e. thatthey relateto the same
sceneevent. We usean hardware synchronizationwhere
imageacquisitionis triggeredby externallygen-lockingthe
camerasensuringa delaybetweerimagesbelov 100s .

3.2 Background Subtraction

Regions of interestin the images,i.e. the foreground
or silhouette areextractedusinga backgroundsubtraction
processAs mostof theexisting techniqueg11, 7], werely
on a per pixel color modelof the background For our pur-
pose,we usea combinationof a Gaussiarmodelfor the
chromaticinformation (UV) andaninterval modelfor the
intensity information (Y) with a variantof the methodby
Horprasertet al. [11] for shadev detection. A crucial re-
mark hereis that the quality of the produced3D model
highly depend®nthis processincethemodelingapproach
is exactwith respecto the silhouettes.Notice thata high
quality backgroundsubtractioncan easily be achievzed by
usinga dedicatecervironment(blue screen).However, for
prospectie purposeswe do not limit ourselfto suchspe-
ci ¢ ervironmentsin our setup.

3.3 Silhouette Polygonalization

Since our modeling algorithm computesa surfaceand
not a volume, it doesnot useimageregionsasde ned by
silhouettesbut their delimiting polygonalcontours We ex-
tractsuchsilhouettecontoursandvectorizethemusingthe
methodof Debledet al. [8]. Eachcontouris decomposed
into an orientedpolygon, which approximateghe contour

to agivenapproximatiorbound.With asingle-pi>el bound,
obtainedpolygonsarestrictly equivalentto the silhouettes
in the discretesenseg(see gure 2-c). However in caseof
noisy silhouetteghis leadsto numerousmallseggments.A
higher approximationboundresultsin signi cantly fewer
segmentgsee gure 2-d). Thisenablego controlthemodel
compl«ity, andthereforethe computationtime, in anef -
cientway.

4 3D Modeling

The visual hull is a well studiedgeometricshape[13]
whichis obtainedrom ascenebjectssilhouetteobsened
in n views. It is the maximumshapeconsistentwith all
silhouettesAs such,it canbeseerastheintersectiorof the
images'viewing cones the volumesthat backprojectfrom
eachview's silhouette(see gure 3).

Polyhedral Visual Hull/
Viewing edge

AN

Viewing Cone

Figure 3. Visual hull of a sphere with 3 views.

We usea distributed surface-basednethodwe have de-
veloped[9]. It recovers the exact polyhedralvisual hull
from the input silhouettepolygonsin threesteps. First, a
subsetof the polyhedronedges— the viewing edges— is
computed. Second,starting from this partial description
of the polyhedrons mesh,all otheredgesandverticesare
recosered by a recursve seriesof geometricdeductions.
Third, theshapes facesarerecoveredby traversingthe ob-
tainedmesh. Thefollowing paragraphérie y detailthese
stepsandtheir distribution over p CPUs.

4.1 Computing the Viewing Edges

Viewing edges are intervals along viewing lines associ-
atedfrom silhouettecontours'vertices. They areobtained
by computingthe setof intervals alongsucha viewing line
that projectinside all silhouettes. The distribution of this
computationusesthe fact that eachviewing line's contri-
butionscanbe computedndependentlyViewing lines are
partitionedinto p identicalcardinalitysetsandeachbatchis



distributedto a differentCPU. The nal setis obtainedby
gatheringpartialresults.

4.2 Computing the Visual Hull Mesh

Theviewing edgeggive usaninitial subsebf thevisual
hull geometry Themissingchainsof edgesarethenrecov-
eredrecursvely startingfrom the viewing edgesset. To al-
low concurrentaskexecution,the 3D spaceis partitionned
into p slices. Slice width is adjustedby attributing a con-
stantnumberof viewing edgeverticesperslicefor workload
balancing.EachCPU computeghe missingedgesn its as-
signedslice. Partial meshesrethengatheredandcarefully
meigedacrosssliceborders.

4.3 Computing the Faces

Facesof the polyhedronsurfaceare extractedby walk-
ing throughthe completeorientedmeshwhile alwaystak-
ing left turns at eachvertex, so asto identify eachfaces
contours. EachCPU independentlycomputesa subsetof
the faceinformation, the completemeshbeing previously
broadcastetb eachCPU.

5 Interactions and Visualization

5.1 Real-Time interactions

We experimentedtwo different interactions. The rst
oneconsistsn asimpleobjectcarving(see gure 4(a)). The
usercansculptan objectusingary partof his body This
is donewith octree-baseflooleanoperationgo updatethe
objectwhereit intersectsvith the users model. Updateop-
erationsincluderemoval, additionof matterandchangen
sculpturecolor. Theobjectcanberotatedto simulatea pot-
ter'swheel.

Thesecondnteractionresultsfrom theintegrationof the
usersmodelinsidearigid bodysimulation(see gure 4(b)).
Severaldynamicobjectswhereaddedin the sceneandthe
systemhandlescollisionswith the users body This inter-
action requiresall available information aboutthe users
3D surface, which is not available using classicaltrack-
ing methods. Using our surfacemodelingapproachsuch
ne level collision detectionis somethingour systemcan
achieve.

5.2 Multi-pro jector Visualization

To provide the userwith awide eld of view while pre-
servingimagedetails,asnecessaryn semi-immersie and
immersve applications,we have chosento use a multi-
projectordisplay Themostscalableapproacho implement

(a)Carving

(b) Collision

Figure 4. Interaction experiments.

this setupis to useone PCto drive eachprojector To ob-
tain a coherenimage,eachPCwill have to synchronously
renderthe samescenewith a differentview point, corre-
spondingo the positionof therelatedprojector

Several methodsare availableto implementparallel vi-
sualization,dependingon the level of the primitives ex-
changed.We usea new frameawork [2], allowing to usea
differentschemedor eachpartof the scene Large staticob-
jects,suchasthelandscapeyseareplicatedschemesothat
they aresentlocally on eachPC. Otherobjects,suchasthe
reconstructednesh,are createdon speci ¢ PCsandthen
sentto all visualizationPCs,possiblyculling invisible data
(sort- rst scheme).

The renderingof the 3D meshitself is quite simple as
it is alreadya polygonalsurface. We canoptionally com-
pute averagednormal vectorsat eachvertex to producea
smoothlyshadedendering.lt is relatively small (approxi-
mately10000triangles)soit canbebroadcastetb all visu-
alizationPCs.

6 Implementation
6.1 The middlew are library

To provide the I/O and computingpower necessaryo
runourapplicationsn realtime, we usea PCcluster How-
ever, couplingall piecesof codeinvolved,distributing them



onthePCsandinsuringdatatransferscanbe cumbersome.
To geta high performancendmodularapplicationwe use
atool we developed[1], FlowVR, to managedistributedin-
teractive applicationslt reliesonandata- ow model.Com-
putationandI/O tasksareencapsulatethto modules.Each
moduleendlesslyiterates,consumingand producingdata.
Modulesarenot awareof theexistenceof othermodules A
moduleonly exchangeslatawith the FlowVR daemorthat
runson the samehost. The setof daemongunningon a
PCclusterarein chageof implementinghedataexchange
network thatconnectsnodules DaemonsiseTCP connec-
tions for network communicationsor shared-memoryor
local communications.The FlowVR network de ned be-
tween modulescan implementsimple module-to-module
connectionsas well as complex messagéandlingopera-
tions like synchronizationsgdata ltering operationsdata
sampling,broadcastsetc. This ne controlover datahan-
dling enablego take advantageof boththespeci city of the
applicationandthe underlyingclusterarchitectureto opti-
mizethelateny andrefreshrates.

6.2 Data-o w Graph
We proposefor our applicationthe following distributed

data- ow graph from acquisitionto rendering(see g-
ureb).
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Figure 5. Data- o w graph from 4 cameras ac-
quisitions to 4 video projector s rendering.

EachdedicatedacquisitionPClocally performsthe data
acquisitionto obtainthe silhouettesvhich arethenbroad-
castedto the PCsin chage of the rst modelingstep,the
viewing edgecomputatiorstep.Followsthetwo othermod-

eling steps,the global meshrecovery and the surface ex-
traction. Theresultingreconstructedurfaceis broadcasted
to the PCsin chage of interactioncomputatiorandto the
visualizationhosts. ThesePCsalsoreceve datafrom the
interactionmodulesof the VR ervironment.

To obtain good performanceand scalability it is nec-
essaryto setupspeci ¢ coupling policies betweenthe dif-
ferentpartsof the applicationso they canrun at different
frequencies.The acquisitionpart typically runsat the fre-
gueny of the cameraswhile interactionsrun at morethan
100H z. Thevisualizationstagerunsindependentlyallow-
ing to changehe viewpoint without waiting for the compu-
tation of the next 3D model. To implementthesecoupling
policieswe usetwo data ow control policies: FIFO con-
nectionsbetweenmodulesrunning at the samefrequengy
andgreedysamplingconnectiongreceversalwaysuselast
availabledata)betweemmodulesrunningasynchronously

7 Results

We presentthe resultsobtainedwith our platform. It
gathersll dual-Xeon2.6 GHz PCsand 16 dual-Opteron
PCsconnectedogetherby a gigabit Ethernetnetwork. 6
FireWire Camerasare connectedto the dual-Xeon ma-
chines. 16 projectorsareconnectedo the dual-Opteron
machineghroughNVIDIA 6800Ultra graphicscards.The
projectorsdisplayimageson a at screenof 2.7 2 me-
ters. The acquisitionspacewherethe camerasarefocused
is locatedl meteraway from thescreen.

To evaluatethe potentialof 3D modelingfor interaction
purposeswe identi ed the following classicalcriteria as
beingrelevant:

Lateng: it is thedelaybetweerausers actionandthe
perceptiorof this actiononthedisplayed3D model. It

isthemostimportantcriterion. A largelateng cansig-
ni cantly impair the interactionexperience.For most
experimentson our systenthe overall lateng, includ-
ing all stagedrom video acquisitionto visualization,
wasaround100ms. This canbe noticedby the user
but is smallenoughto maintaina high level of interac-
tivity. The quality of the backgroundsubtractionstep
aswell asthe simpli cation thresholdappliedto the
resultingcontourshave ahighimpactonthelatengy as
they determinghe computationatostof the 3D mod-
eling.

Updatefrequeng (modelingframerate)in ourexperi-
ments,using4 CPUswasenoughto provide anupdate
frequeng of 30 Hz with 6 camerasvhenoneuserwas
in theinteractionspace.

Quality (model's level of detail): in our experiments,
the userwasableto useits handsto cane virtual ob-



jects,and,dependingon the anglerelative to the cam-
eras,jt waspossibleto distinguishhis ngers.

Rolustnesgo acquisitionnoise: our modeling algo-
rithm is exact with respectto provided input silhou-
etteshowever noisy Theresulting3D modelis always
watertight(no holes)and manifold (no self intersec-
tions). Thesepropertiesare very importantas mary

interactionapplicationsor visualization(shadaevs, ...)

rely on them. Moreover the approximationof silhou-
ettecontoursemovesmostof thebackgroundubtrac-
tion noise.

Model Content(thetype of informationavailable,sur
facesandtexturesin our case). Whentexturing the
3D modelswith theimagesobtainedrom thecameras,
this propertyenablego avoid artefacs(see gure 6).
Notice thatin the applicationspresentedhe modelis
nottextured.Real-timetexturingis a challengingssue
asthe amountof datato handlein a distributed con-
text is important. This is an ongoingwork with very
promisingpreliminaryresults.

Figure 6. Details of a 3D model and its tex-
tured version (off-line).

8 Conclusion

We presentedmarker-less3D shapenodelingapproach
which optimally exploits all the information provided by
standardbackgroundsubtractiontechniquesand produces
watertight3D models.The shapecaneasilybe usedfor vi-
sualinteractionsJik e rendering,shading,objectocclusion,
aswell asmechanicalnteractions ik e collision detection
with othervirtual objects.l/O devicesandcomputingunits
arecommoditycomponentgFireWre camerasPCs,giga-
bit Ethernenhetwork, classroonprojectors).They providea
scalableandef cient ervironment.Theaggreationof mul-
tiple unitsandanadequatevork-loaddistribution enableus
to achieve realtime performance.

Futureworksinvestigatetwo directions.Oneis to focus
on dataquality, in particular backgroundsubtractionand
temporalconsisteng. The otheris to focuson recovering
semanticinformation aboutsceneobjects. The goal is to
identify partsof the users body for motion tracking, ges-
ture recognitionand more advancedinteractionswith the
virtual world.
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