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Abstract

In this paper, wepresenta scalablearchitecture to com-
pute, visualizeandinteractwith 3D dynamicmodelsof real
scenes.This architecture is designedfor mixedreality ap-
plicationsrequiring such dynamicmodels,tele-immersion
for instance. Our systemconsistsin 3 mainparts: theac-
quisition,basedon standard �r ewire cameras; thecompu-
tation,basedon a distribution schemeover a clusterof PC
and usinga recentshape-from-silhouettealgorithm which
leads to optimally precise3D models; the visualization,
which is achieved on a multiple display wall. The pro-
poseddistribution schemeensuresscalabilityof thesystem
andherebyallowscontrol over thenumberof camerasused
for acquisition,theframe-rate, or thenumberof projectors
usedfor high resolutionvisualization. To our knowledge
this is the �r st completelyscalablevision architecture for
real time 3D modeling, from acquisition to visualization
throughcomputation.Experimentalresultsshowthat this
framework is verypromisingfor real time3D interactions.

1 Intr oduction

Interactive and mixed reality environments generally
rely on the ability to retrieve 3D informationaboutusers,
in real time, in an interactionspace. Suchinformation is
usedto makerealandvirtual worldsconsistentwith onean-
other. Traditionalsolutionsto this problemusuallyconsist
in trackingpositionsof sensorsby meansof varioustech-
nologiesincludingelectromagneticwaves,infraredsensors
or accelerometers.However, this requiresusersto wearin-
vasive equipmentandusuallyspeci�c bodysuits. Further-

more it doesnot lead to a shapedescription,as required
for many applicationssuchastele-immersionfor example.
In this paper, we considera more�e xible classof methods
basedon digital cameras.Thesemethodscancompute3D
shapemodelsin real-time,andwithout any markersor any
speci�c equipment.We proposea framework in this con-
text, from acquisitionto visualizationandinteractions.Our
objective is to provide a �e xible solutionwhich especially
focusesonissuesthatarecritical in suchsystems:precision
of the3D model,precisionof thevisualizationandprocess
speed.

Several multi-camerasystemsfor dynamic modeling
have beenproposed.Stereobasedsystemswere�rst pro-
posed[16] for virtualization, but most recentsystemsuse
imagesilhouettesasinputdatato compute3D shapes.They
canbeclassi�edaccordingto thefactthatthey work of�ine
or in real-time,andalsoby the type of 3D modelswhich
they build. Of�ine systemsallow complex andprecisemod-
els to bebuilt [6, 5], in particulararticulatedmodels,how-
ever they do not allow real-timeinteractionasintendedin
thiswork. Mostreal-timesystems,suchas[7, 10], thathave
beenproposedin thepast,computevoxel models,i.e. dis-
crete3D modelsmadeof elementaryparallelepipediccells.
Interestingly, severalsystemsin this category [4, 12, 3, 18]
use a distribution schemeover a PC cluster to speedup
computationsandhence,providesomekind of controlover
themodelprecisionandtheprocessspeed.However, voxel
basedmethodsarestill impreciseunlessa hugenumberof
voxels is used. Furthermorethey requirepost-processing,
typically a marchingcubesapproach,to producesurface
shapes.This is computationallyexpensive, andgenerates
verysmall-scalegeometrywhenever precisionis required.

Anotherclassof real time, but non-parallel,approaches
directly rendernew viewpoint images[17] usingpossibly



graphiccardsfor computations[14]. Basedon the Image
BasedVisualHull method[15], theseapproachesef�ciently
focuson thedesired2D 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 many applications.

In contrastto theaforementionedsystems,oursdirectly
computeswatertightandmanifold surfacemodels. These
surfacemodelsareexactwith respectto theinputsilhouette
informationavailableand,assuch,areoptimal andequiv-
alent to voxel grids with in�nite resolutions.A particular
emphasishasbeenput on the systemscalability to ensure
�e xibility andto addressperformanceandhardwarecostef-
�ciency issues.To thisaim,thesystemis composedof mul-
tiple commoditycomponents:FireWire camerasdistributed
onmultiplePCsinterconnectedthroughastandardEthernet
network, aswell asmultiple projectorsfor a wall display.
To reachrealtimeperformance,acarefuldistributionof the
work load on the differentresourcesis achieved. For that
purposewerely onamiddlewarelibrary calledFlowVR [1],
dedicatedto thedistributionof interactiveapplications.

Section2 outlinesthe global approach.Section3 dis-
cussesissuesrelatedto imageacquisition.The3Dmodeling
algorithmandits parallelimplementationis thenexplained
in section4. In section5, interactionsandvisualizationare
described.Section6 detailsthe distributedframework for
our system. Section7 presentssomeexperimentalresults
beforeconcludingin section8.

2 Outline

Our goal is to compute 3D shapesof users in an
acquisitionspacesurroundedby several camerasin real
time (see�gure 1). Suchmodelsaresubsequentlyusedfor
interactionpurposes,includingdisplay. In orderto achieve
this,severalprocessesmustbecoupled.

Acquisition Fixedcamerasaresetto surroundthescene.
Theircalibrationis obtainedof�ine throughoff-the-shelfli-
brariessuchasOpenCV. Eachcamerais handledby adedi-
catedPC.Eachacquiredimageis locally analyzedto extract
regionsof interest(the foreground)which arethenvector-
ized,i.e. theirdelimitingpolygonalcontoursarecomputed.

3D modelingA geometricmodelis thencomputedfrom
thesilhouettesusinganef�cient methodto computethevi-
sual hull [13]. Obtainedvisual hull polyhedronsare suf-
�cient for numerousVR applicationsincluding collision
detectionor virtual shadow computationfor instance. To
reacha realtimeexecution,their computationis 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

mixedreplicated/sort-�rstapproach.

3 Acquisition

Acquisition takesplaceon a dedicatedsetof PCs,each
connectedto a singlecamera.ThesePCsperformall nec-
essarypreliminaryimageprocessingsteps:color imageac-
quisition,backgroundsubtractionandsilhouettepolygonal-
ization (see�gure 2). All camerasare standard�re wire
cameras,capturingimagesat 30 fps with a resolutionof
780x580in YUV color space.
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Figure 2. The diff erent steps in the acquisi-
tion process: (a) the original image; (b) the
binar y image of the silhouette; (c) the exact
silhouette pol ygon (250 ver tices); (d) a sim-
pli�ed silhouette pol ygon (55 ver tices).

3.1 Synchronization

Dealingwith multipleinputdevicesraisestheproblemof
datasynchronization.Indeed,our applicationsrely on the
assumptionthattheinput datachunksreceivedfrom differ-
ent sourcesarecoherent,i.e. that they relateto the same
sceneevent. We usean hardware synchronizationwhere
imageacquisitionis triggeredby externallygen-lockingthe
cameras,ensuringadelaybetweenimagesbelow 100�s .

3.2 Background Subtraction

Regions of interestin the images,i.e. the foreground
or silhouette,areextractedusinga backgroundsubtraction
process.As mostof theexisting techniques[11, 7], we rely
on a perpixel color modelof thebackground.For our pur-
pose,we usea combinationof a Gaussianmodel for the
chromaticinformation(UV) andan interval modelfor the
intensity information(Y) with a variantof the methodby
Horprasertet al. [11] for shadow detection. A crucial re-
mark here is that the quality of the produced3D model
highly dependsonthisprocesssincethemodelingapproach
is exact with respectto the silhouettes.Notice that a high
quality backgroundsubtractioncan easily be achieved by
usinga dedicatedenvironment(bluescreen).However, for
prospective purposes,we do not limit ourself to suchspe-
ci�c environmentsin oursetup.

3.3 Silhouette Polygonalization

Sinceour modelingalgorithm computesa surfaceand
not a volume,it doesnot useimageregionsasde�ned by
silhouettes,but theirdelimitingpolygonalcontours.Weex-
tractsuchsilhouettecontoursandvectorizethemusingthe
methodof Debledet al. [8]. Eachcontouris decomposed
into an orientedpolygon,which approximatesthe contour

to agivenapproximationbound.With asingle-pixel bound,
obtainedpolygonsarestrictly equivalentto the silhouettes
in the discretesense(see�gure 2-c). However in caseof
noisysilhouettesthis leadsto numeroussmallsegments.A
higher approximationboundresultsin signi�cantly fewer
segments(see�gure 2-d). Thisenablesto controlthemodel
complexity, andthereforethecomputationtime, in anef�-
cientway.

4 3D Modeling

The visual hull is a well studiedgeometricshape[13]
whichis obtainedfromasceneobject'ssilhouettesobserved
in n views. It is the maximumshapeconsistentwith all
silhouettes.As such,it canbeseenastheintersectionof the
images'viewing cones, the volumesthat backprojectfrom
eachview's silhouette(see�gure 3).

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

We usea distributedsurface-basedmethodwe 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 polyhedron's mesh,all otheredgesandverticesare
recovered by a recursive seriesof geometricdeductions.
Third, theshape's facesarerecoveredby traversingtheob-
tainedmesh.The following paragraphsbrie�y detail these
steps,andtheirdistributionover p CPUs.

4.1 Computing the Viewing Edges

Viewing edgesareintervals alongviewing lines associ-
atedfrom silhouettecontours'vertices.They areobtained
by computingthesetof intervalsalongsucha viewing line
that project insideall silhouettes.The distribution of this
computationusesthe fact that eachviewing line's contri-
butionscanbecomputedindependently. Viewing linesare
partitionedinto p identicalcardinalitysetsandeachbatchis
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distributedto a differentCPU.The �nal setis obtainedby
gatheringpartialresults.

4.2 Computing the Visual Hull Mesh

Theviewing edgesgive usaninitial subsetof thevisual
hull geometry. Themissingchainsof edges,arethenrecov-
eredrecursively startingfrom theviewing edgesset.To al-
low concurrenttaskexecution,the3D spaceis partitionned
into p slices. Slice width is adjustedby attributing a con-
stantnumberof viewingedgeverticesperslicefor workload
balancing.EachCPUcomputesthemissingedgesin its as-
signedslice.Partial meshesarethengatheredandcarefully
mergedacrosssliceborders.

4.3 Computing the Faces

Facesof the polyhedronsurfaceareextractedby walk-
ing throughthe completeorientedmeshwhile alwaystak-
ing left turns at eachvertex, so as to identify eachface's
contours. EachCPU independentlycomputesa subsetof
the faceinformation, the completemeshbeingpreviously
broadcastedto eachCPU.

5 Interactions and Visualization

5.1 Real-Time in teractions

We experimentedtwo different interactions. The �rst
oneconsistsin asimpleobjectcarving(see�gure 4(a)). The
usercansculptan objectusingany part of his body. This
is donewith octree-basedbooleanoperationsto updatethe
objectwhereit intersectswith theuser'smodel.Updateop-
erationsincluderemoval, additionof matterandchangein
sculpturecolor. Theobjectcanberotatedto simulateapot-
ter'swheel.

Thesecondinteractionresultsfrom theintegrationof the
user'smodelinsidearigid bodysimulation(see�gure 4(b)).
Severaldynamicobjectswhereaddedin thescene,andthe
systemhandlescollisionswith theuser's body. This inter-
action requiresall available information about the user's
3D surface, which is not available using classicaltrack-
ing methods.Using our surfacemodelingapproach,such
�ne level collision detectionis somethingour systemcan
achieve.

5.2 Multi-pro jector Visualization

To provide theuserwith a wide �eld of view while pre-
servingimagedetails,asnecessaryin semi-immersive and
immersive applications,we have chosento use a multi-
projectordisplay. Themostscalableapproachto implement

(a)Carving

(b) Collision

Figure 4. Interaction experiments.

this setupis to useonePC to drive eachprojector. To ob-
tain a coherentimage,eachPCwill have to synchronously
renderthe samescenewith a different view point, corre-
spondingto thepositionof therelatedprojector.

Several methodsareavailableto implementparallelvi-
sualization,dependingon the level of the primitives ex-
changed.We usea new framework [2], allowing to usea
differentschemefor eachpartof thescene.Largestaticob-
jects,suchasthelandscape,usea replicatedschemesothat
they aresentlocally on eachPC.Otherobjects,suchasthe
reconstructedmesh,are createdon speci�c PCsand then
sentto all visualizationPCs,possiblyculling invisible data
(sort-�rst scheme).

The renderingof the 3D meshitself is quite simpleas
it is alreadya polygonalsurface. We canoptionally com-
puteaveragednormalvectorsat eachvertex to producea
smoothlyshadedrendering.It is relatively small (approxi-
mately10000triangles)soit canbebroadcastedto all visu-
alizationPCs.

6 Implementation

6.1 The middlew are library

To provide the I/O and computingpower necessaryto
runourapplicationsin realtime,weuseaPCcluster. How-
ever, couplingall piecesof codeinvolved,distributingthem
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on thePCsandinsuringdatatransferscanbecumbersome.
To getahighperformanceandmodularapplication,weuse
a tool wedeveloped[1], FlowVR, to managedistributedin-
teractiveapplications.It reliesonandata-�ow model.Com-
putationandI/O tasksareencapsulatedinto modules.Each
moduleendlesslyiterates,consumingandproducingdata.
Modulesarenotawareof theexistenceof othermodules.A
moduleonly exchangesdatawith theFlowVR daemonthat
runson the samehost. The setof daemonsrunningon a
PCclusterarein chargeof implementingthedataexchange
network thatconnectsmodules.DaemonsuseTCPconnec-
tions for network communicationsor shared-memoryfor
local communications.The FlowVR network de�ned be-
tween modulescan implementsimple module-to-module
connectionsas well as complex messagehandlingopera-
tions like synchronizations,data�ltering operations,data
sampling,broadcasts,etc. This �ne controlover datahan-
dling enablesto takeadvantageof boththespeci�city of the
applicationandthe underlyingclusterarchitectureto opti-
mizethelatency andrefreshrates.

6.2 Data-
o w Graph

Weproposefor ourapplicationthefollowing distributed
data-�ow graph from acquisition to rendering (see �g-
ure5).

Figure 5. Data-�o w graph from 4 cameras ac-
quisitions to 4 video projector s rendering.

EachdedicatedacquisitionPClocally performsthedata
acquisitionto obtainthe silhouetteswhich arethenbroad-
castedto the PCsin charge of the �rst modelingstep,the
viewing edgecomputationstep.Followsthetwo othermod-

eling steps,the global meshrecovery and the surfaceex-
traction.Theresultingreconstructedsurfaceis broadcasted
to the PCsin charge of interactioncomputationandto the
visualizationhosts. ThesePCsalsoreceive datafrom the
interactionmodulesof theVR environment.

To obtain good performanceand scalability it is nec-
essaryto setupspeci�c couplingpoliciesbetweenthe dif-
ferentpartsof the applicationso they canrun at different
frequencies.The acquisitionpart typically runsat the fre-
quency of the cameraswhile interactionsrun at morethan
100H z. Thevisualizationstagerunsindependently, allow-
ing to changetheviewpointwithoutwaiting for thecompu-
tationof thenext 3D model. To implementthesecoupling
policieswe usetwo data�ow control policies: FIFO con-
nectionsbetweenmodulesrunning at the samefrequency
andgreedysamplingconnections(receiversalwaysuselast
availabledata)betweenmodulesrunningasynchronously.

7 Results

We presentthe resultsobtainedwith our platform. It
gathers11 dual-Xeon2.6 GHz PCsand 16 dual-Opteron
PCsconnectedtogetherby a gigabit Ethernetnetwork. 6
FireWire Camerasare connectedto the dual-Xeon ma-
chines. 16 projectorsareconnectedto thedual-Opteron
machinesthroughNVIDIA 6800Ultra graphicscards.The
projectorsdisplay imageson a �at screenof 2:7 � 2 me-
ters. Theacquisitionspacewherethecamerasarefocused
is located1 meteraway from thescreen.

To evaluatethepotentialof 3D modelingfor interaction
purposes,we identi�ed the following classicalcriteria as
beingrelevant:

� Latency: it is thedelaybetweenauser'sactionandthe
perceptionof thisactiononthedisplayed3D model.It
is themostimportantcriterion.A largelatency cansig-
ni�cantly impair the interactionexperience.For most
experimentson our systemtheoverall latency, includ-
ing all stagesfrom video acquisitionto visualization,
wasaround100ms. This canbe noticedby the user
but is smallenoughto maintainahigh level of interac-
tivity. Thequality of thebackgroundsubtractionstep
as well as the simpli�cation thresholdappliedto the
resultingcontourshaveahigh impactonthelatency as
they determinethecomputationalcostof the3D mod-
eling.

� Updatefrequency (modelingframerate):in ourexperi-
ments,using4 CPUswasenoughto provideanupdate
frequency of 30Hz with 6 cameraswhenoneuserwas
in theinteractionspace.

� Quality (model's level of detail): in our experiments,
theuserwasableto useits handsto carve virtual ob-
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jects,and,dependingon theanglerelative to thecam-
eras,it waspossibleto distinguishhis �ngers.

� Robustnessto acquisitionnoise: our modelingalgo-
rithm is exact with respectto provided input silhou-
etteshowevernoisy. Theresulting3D modelis always
watertight(no holes)and manifold (no self intersec-
tions). Thesepropertiesare very importantas many
interactionapplicationsor visualization(shadows, ...)
rely on them. Moreover theapproximationof silhou-
ettecontoursremovesmostof thebackgroundsubtrac-
tion noise.

� ModelContent(thetypeof informationavailable,sur-
faces,andtexturesin our case). Whentexturing the
3D modelswith theimagesobtainedfrom thecameras,
this propertyenablesto avoid artefacs(see�gure 6).
Notice that in the applicationspresentedthe modelis
not textured.Real-timetexturingis achallengingissue
as the amountof datato handlein a distributedcon-
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

Wepresentedamarker-less3Dshapemodelingapproach
which optimally exploits all the information provided by
standardbackgroundsubtractiontechniquesand produces
watertight3D models.Theshapecaneasilybeusedfor vi-
sualinteractions,like rendering,shading,objectocclusion,
aswell asmechanicalinteractions,like collision detection
with othervirtual objects.I/O devicesandcomputingunits
arecommoditycomponents(FireWire cameras,PCs,giga-
bit Ethernetnetwork, classroomprojectors).They providea
scalableandef�cient environment.Theaggregationof mul-
tiple unitsandanadequatework-loaddistributionenableus
to achieve realtimeperformance.

Futureworksinvestigatetwo directions.Oneis to focus
on dataquality, in particularbackgroundsubtractionand
temporalconsistency. The other is to focuson recovering
semanticinformationaboutsceneobjects. The goal is to
identify partsof the user's body for motion tracking,ges-
ture recognitionand more advancedinteractionswith the
virtual world.
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