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Abstract

We presenta simplisticapproach to obtaininga 3D rep-
resentatiorof an objectmoving in a scene The objectis
monitored by four differentcameaswith knowncharacter
istics. At any giventime frame the silhouetteof the object
are extractedfrom ead of the four images using a bad-
ground subtraction method. Somestrategy is afterwads
usedto performa computationallyef cient 3D modelcon-
struction by projecting voxelsfrom the 3D sceneonto the
camen'sviewing planes.A 3D binary grid is obtainedand
visualizedusing a simplevoxel coloring strategy that we
developed. Depth mapsare constructedas well for eac
camen image to helpwith thecoloring.

1. Intr oduction

We considerthe problemof 3D modelingof humanac-
tionsin realtime. In generalwe would like to extractthe
movementsof differentpartsof the humanbody andused
themin othercontexts suchashumancomputetinteraction,
imitation,scengenderingrom new viewpointsetc. Ideally,
thisshouldbedonein anasnaturalway aspossiblewithout
usingary markers,joysticksor otherdevicesattachedo the
body Theareaof researchhatdealswith thisideais called
markerlessmotioncapture [3].

Oneapproacho achiere thisgoalis to usemulti-camera
imagesof a personmoving in the scenerom which to con-
structa 3D modelof the person Any extensionof the prob-
lem, suchasmotioninterpretationpostureestimationkine-
matic modelextractionor recognition,usesthe volumetric
modelgenerated.

In this paperwe preseniour approachto constructinga
3D modelof anobjectfrom 2D images.Our aimis thatthe
approachwe take neednot be computationallyintensive so
thatit canbe applicableto on-line processingwhich how-
evercanrestricttheaccuray of theresults.We alsodevelop
avoxel coloringmethodasanapplicationof voxel carving.

We presenthegeneramethodn section2, togethemwith

existing methods. Algorithmic considerationf our ap-
proachfollow in section3. We shav experimentatesultsin
section4, a discussionof computermemoryrequirements
in section5, waysto extendthis paperin section6 anda
summaryandconclusionin section?.

2. General Method

Themaingoalis to extractavolumetricmodelovertime
of anobjectusingmultiple synchronizedcamerasWe use
the shapefromsilhouettetechnique[2]. There are three
stepsinvolved in this method(1-3), to which we addtwo
moresteps(4-5) to performvoxel coloring:

1. Initialization - cameracalibration

The intrinsic and extrinsic parametersof each
cameraareestimated.

2. Silhouettesggmentation

The silhouetteof the objectis segmentedfrom
eachimageusing a variantof backgroundsub-
tractionmethod.

3. Voxel carving

A voxel grid is constructedandvoxel projections
areintersectedvith silhouettepixels.

4. Depthmapsconstruction

The depth of the closestvoxel in the volume
shapeto eachpixel in every cameramageis de-
termined.

5. Voxel coloring

Eachvoxel on the volume surfacegetsassigned
a color value basedon depthmapsand camera
images.



2.1 Previous Work

2.1.1 CameracCalibration

For the nal resultto be meaningful the characteristics
of the camerasave to be preciselydetermined For exam-
ple, the position of the camerain uences the transforma-
tion of a point from world coordinateso cameracoordi-
nates.The behaior of acameras modeledby its intrinsic
(focal length, principal point, skew and distortionscoef-
cients)and extrinsic (translationandrotation) parameters.
Cameraalibrationtechniquesindparametede nitions are
describedn [1, 10].

2.1.2 Silhouette Segmentation

Sggmentingthe silhouettesrom the imagesis typically
doneusingimagedifferencing. First, a backgroundmage
is acquiredusuallydirectly by takinga pictureof the scene
without the foregroundobijectin it. Secondpy subtracting
the backgroundmagefrom the currentimage, the silhou-
ette of the objectwill standout. Wheneer the difference
betweerabackgroungixel andtherun-timepixel colorsis
large,the pixel belongsto the silhouette.

Oneimplicit assumptioris brightnessonstang, which
saysthatthe intensity of the backgroundpixelsis the same
in all images.In practicethis assumptiormight not neces-
sarily hold. For example,it is known thatthe lighting used
toilluminatethescengulsatesReferencg9] proposesak-
ing a few dozenbackgroundmagesandestimatethe pixel
statistics A thresholdcanbe setonthevariationaroundthe
meanof a pixel valueto sgmentforegroundobjectsfrom
background.

Another dif culty encounteredn this processis deal-
ing with shadaevs in an ef cient manner Shadavs arethe
byproductof aforegroundobjectbeingpresenin thescene
andthereforetendsto be detectecaspart of the silhouette.
A fastandrobust solutionto eliminatingshadaevs is given
by Cheunget. al. [2]. They proposetwo techniquesfor
this. First, they usecolor informationto identify shadav
pixels. If the anglebetweenthe RGB vectorsof the pixel
in the two imagesis large, the pixel is not a shadav pixel.
Secondthey pre-processhe backgroundmageto identify
regionswith differentshadaev statisticsand assignregion-
dependenshadav thresholds.

Sometimesa backgroundmagecannotbe acquireddi-
rectly or it is slowly changingovertime. In this caseit is
possibleto indirectly estimateit and updateit from a se-
guenceof imagesin which the objectis moving moredis-
tinctively thanthe background.Franmis et. al. [5] model
the backgroundn real-timeby incrementallylearningand
adjustingthe statistical color of eachpixel in the back-
ground. They alsosuggesusingthe HSV color spacein-
steadof theRGB one,asit providesstrongercuesfor back-
groundclassi cation.

2.1.3 VoxelCarving

We canidentify two major classesof methodsusedto
construct3D volumetric models: methodsthat are con-
cernedwith accurag andmethodsthatareconcernedvith
speed. Typically, the methodsusedfor accurateresults
[] arecomputationallyintensve andtime consuming,and
hencethevolumetricsggmentatiorhasto be performedoff-
line. In contrastthereexist mary applicationswhich need
to completethe segmentationprocessin real-time before
the next framebecomesvailable[2, 6, 9]. The resultsin
this casehowever arenot asaccurate . Thereforea tradeof
needsto be madebetweenspatialresolutionandtemporal
resolution.

Thereare a numberof waysto partition the spaceinto
voxels. As statedby [2], whenthe silhouetteis projected
perspectiely into the world space,a conic surfaceis ob-
tained which should enclosethe entire object. Here the
voxels have a conic shapeandthe size varieswith depth.
Intersectinghe conicvolumesfrom eachof theimagescan
be computationallyexpensve andthereforeimpracticalfor
real-timeprocessing.

In contrast,a rectangulaboundingbox can be usedto
enclosethe relevant world space. The box can be parti-
tioned eitherusing octreesor voxels of equalsize. Refer
ence[9] usesan octreerepresentatiom which the bound-
ing box is recursvely subdvided into smallervoxels until
avoxel is fully occupiedor empty This proceduregener
atesvoxelsof differentsizes but is very concise . Thevoxel
resolutionmatcheghe objectresolutionin this case.

Many methodd2, 6] usevoxelsof equalsizebecauset
hasits own bene ts. In particular having thevoxel position
andsize pre-determinedywe canbuild look-up tableswith
depthand projectioninformation off-line, andthus speed
uptheon-lineprocessingime. We take this approachn the
presenpaper

2.1.4 Depth Maps

We have not consideredary previous work regarding
building depthmaps.

2.1.5 VoxelColoring

Oneapplicationof voxel carvingis synthesizingobject
imagesfrom viewpoints other than the cameraviews. It
turns out that the work donetowardsthis end did not use
the volumetric model. At the sametime, they aimedto
the highestquality results. Referencdg7] performsvoxel
coloring by traversingthe voxel spacein depth-ordemith
respectto the new viewpoint and nding the closestvox-
elsthatare color consistenin all of the referencémages.
Recentwork [4] in renderingimagesfrom new viewpoints
without explicitly reconstructinghe volume of the object



looks alongthe epipolarlines to achiese color consisteng
andusesimage-basegriorsfor increasedealism(by pre-
servingtexture statistics).

We have developedour own methodwhich is only in-
tendedto give a courseapproximationof how the object
wouldlook like from new viewpoints.

3. Our Approach - Algorithmic Con-
siderations

Our contributions in this paperare mainly relatedto
voxel carvingandvoxel coloring. Every time framewhen
datais capturedcreatesa new instanceof the sameprob-
lem which is solved independentlyfrom the other time
frames. We considera voxel grid, which is an equal-size
rectangulaisshapedsoxel-spacerepresentationivided into
Nx Ny Nz voxels. Imagesfrom k camerasare ac-
quiredandsilhouettesaresegmentedrom them.

3.1 Point Projections

Geometricallyspeaking,for anideal camerawhich in-
troducesiodistortionsin theimage projectingapointfrom
world coordinateto cameracoordinatesanbe doneusing
theequationXc = RXw + T, whereX istheworld co-
ordinatesof a point, X ¢ is the cameracoordinatesandR
andT representheorientationandthe positionof thecam-
erarespectiely. This equationhowever doesnot take into
accountheintrinsic parametershatmodelthe behavior of
the camera.Nonethelesst illustratesthe main correlation
betweerworld andcameracoordinates.

3.2 VoxelProjections

The problemof reconstructinghe volume of an object
from multiple views canbeiill-posed. Simply put, if only
oneimageis available, it is clearly impossibleto obtaina
uniquesolution. Evenwith morethanoneview this might
still be the case. The goalis to constructa volumethatis
consistenin all imagesgventhoughit mightbebiggerthan
thereal one. Nonethelesshis approximationis very good
in mostcases.

A voxel is volume consistentif its projections
into the cameramagesareinsidethe silhouettes.

Thereconstructegolumecomprisesll thevolumecon-
sistentvoxels To formalize this idea, we denotethe pro-
jectedregion of voxel v into the imageplaneof camerak
by Proj*(v), andthe silhouetteby S¥. LetV bethevolu-
metricmodelthatwe wantto construct.Thenv 2 V if and
onlyif 8k Projk(v)  SK. WheneerProj*(v) * Sk for
someimagek, it is certainthatv 2 V andthe remaining

imagesneednot betestedthusreducingthe computational
time.

Sincethesizeof avoxel is notin nitely small,its projec-
tion into a silhouetteimagecanoccuyy several pixels. The
projectedregion is delimited by the corvex hull obtained
from the projectionsof the eight verticesof the voxel. We
considerthe projectionof a voxel asinsidethe silhouetteif
a certainproportionof the pixelsfrom the projectedregion
belongto thesilhouette;jProjk(v) \ SKj  "jProjk(v)j,
"< 1

Referencd2] proposegestingonly a sampleof the pix-
elsfrom the projectedregion. The smallerthe sample the
smaller the computationtime, but the error rate of mis-
classi cationis higher However, asthe voxel grid resolu-
tion increasesmis-classi cationdecreasesReferencg6]
takesthis ideato extremeandconsidersonly onepoint for
eachvoxel whichis projectedandtestedagainsthe silhou-
ette. This correspond$o a samplesizeof 1. We take the
latterapproactwhenperformingvoxel carving.

Sincethe positionof the camerasandthe voxel grid are
stationary a look-up table can be constructedefore-hand
containingprojectioninformationfor eachvoxel andcam-
era.Memoryrequirementgrehighin this case however it
drasticallyreduceghenecessargn-lineprocessingime by
avoiding expensve matrix multiplication neededor point
projections.

We madean implicit assumptiorthat the objectis en-
tirely visible in all cameramages If thiswerenotthecase,
referencel6] suggestdmposinga secondrequirementon
voxel consisteng: ary voxel belongingto the volumehas
to be visible from at leastsomepre-determineciumberof
cameras.

3.3 Voxel Coloring and Depth Maps

Therehasbeenpreviouswork doneinvolving voxel col-
oring, howeverit avoidedthe problemof reconstructinghe
volumeof the object. We thereforedevelopedour own ap-
proach.

We wishto determinghecolorof eachvoxelin thevolu-
metricmodelwhichis consistentn all cameramages.Due
to occlusionandself-occlusionyoxelsarenotvisible in all
images.In anextremecase voxelsthatarecompletelyin-
sidethe volumearenot visible in any image. Much com-
putationaltime canbe sared by remaoving the non-surfice
voxels. The setof all surfacevoxel, Surf (V), is the setof
voxelsv from volumeV for which at leastone of the six
neighborgdoesnotbelongto V.

Multiple voxels can have the sameprojectedregion in
theimageplane,but only the closestone contributesto the
pixel color. We usea depthmapfor eachimageto indicate
the depthof the voxel thatinduceda pixel color. Denoting
the depthof avoxel v from imagek by D epth¥(v), we can



de ne the depthmapof animagek asD epthM ap*(p) =
MiNy2 sur f (v)p2Projk(v) (Depth¥(v)), wherep is a pixel
in theimagek.

For eachcameramagewe wantto determinethe depth
of the voxelsthat projectedinto ary givenpixel. It is com-
putationally more ef cient to iterate rst over the voxels
ratherthanover the pixelsto constructthe depthmaps. In
this way, eachvoxel is traversedonly once. In thisrespect,
we needto considenrall the pixelsthata givenvoxel projects
into andupdatethe D epthM apX(p) valuewheneerneces-
sary

The pseudo-codéor constructingthe depthmapsis in-
cludedfor clarity.

For eachimagek andeachpixel p in imagek
SetDepthM ap“(v) = +1
For eachvoxelv 2 Surf (V)
For eachimagek andeachpixelp 2 Proj¥(v)
If DepthM ap*(p) < Depthk(v)
Then SetD epthM ap*(p) = Depth*(v)

Thedepthinformationat eachpixel canbeusedto deter
mineef ciently whetheravoxelis visiblein agivenimage.
Forapixelp 2 Proj¥(v) theinequalityD epthM apX(p)

D epth¥ (v) holdsthroughconstruction Moreover, equality
arisesonly whenvoxel v is the closestvoxel that projects
into p.

Ideally, the pixels from which a voxel v is visible
should be color consistent. In practice, factorssuch as
the view angle, surface material, camerabias etc. intro-
duce small variationsin pixel color intensity Given the
multi-set ColorSet(v) of all pixel colors that a voxel v
inducesin the cameraimages,we chooseby cornvention
to assignthe medianvaluein the multi-setasthe color of
voxel v. Formally, we assignthe color by Color(v) =
mediank;pz Proj*(v);D epthM apk (p)= D epth k (v) (C0|Ol’k (®))
wherev is avoxel on Surf (V), Color(v) is the color we
assignto voxel v and Colork (p) is the color of pixel p in
imagek.

We provide the pseudo-codéor voxel coloring below.

For eachvoxelv 2 Surf (V)
SetColorSet(v) = ;
For eachimagek andeachpixelp 2 Projk(v)
If DepthM ap(p) == Depth¥(v)
Then Set
ColorSet(v) = ColorSet(v) [ fColor(p)g
SetColor(v) = median(ColorSet(v))

It is well known thatthe medianvalueis morerobustto
errorthanthe meanvalueandthusexpectedto be closerto
thetruevalue;nonethelesshe meanvaluein the multi-set
might producesmootheresults.

4. Experimental Results

4.1 Data Set

The datasetthatwe usedcomesfrom a sequencef im-
agedrom four differentsynchronized¢damera$8]. Figurel
shavstheimagedor onetime frame. Theimageresolution
is644 484

Figurel: Originalimages

We have usedthe silhouetteggeneratedndprovided by
[8]. They areshavnin gure 2. As opposedo [5, 9] in
which the backgroundpixel statisticsis assumedo have
a Gaussiardistribution, referencg8] assumes weighted
sumof threeGaussiardistributions.

Figure2: Silhouetteimages

As an exercise,we have discoveredthat we can obtain
similar resultsby using the nave backgroundsubtraction
methodand ltering the resultingimagea few timeswith
amedian Iter. The only downsideof this approachis the



computatiortime, whichis high dueto thefactthatthe me-
dian lter isnotalinear lter.

4.2 Generating volume model

We useda built-in function de ned in the calibration
toolboxin [1] to transformpointsfrom world to cameraco-
ordinates.

The size and coordinatesof the world spacebounding
boxwereprovidedby [8]. This boxwasjust big enoughto
enclosehepersonit hercurrentposition. Sincewe assume
thatthepersoris moving overtime, alargerboxwould have
hadto be usedwhich shouldencloseall possiblelocaliza-
tion of the person We have useda smallerbox justbecause
we testedour methodat only onetime frame. This hasre-
ducedthe computationatime for voxel carvingsinceless
voxelshadto be classi ed aspartof or not of the volume.
The size of the boundingbox hasno impacton ary other
aspectof thealgorithm,which only iterateover the voxels
thatarepartof the surfaceof the carvedvolume.

Theboundingboxresolutionusedn ourexperimentwas
23 31 80 andthe voxels were cubesof size approxi-
mately19. Abouta fth of the voxelsbelongedo the vol-
ume,andhalf of thoseto its surface.

Figure3: VolumeReconstruction

The volumethatresultedfrom the voxel carvingproce-
dureis displayedrom 12 differentviewpointsin gure 3. It
is clearthat holesin the silhouettedranslatedirectly into
holesin thereconstructedolume.Also, theleft handof the
personis constructedncorrectly coveringthe entirespace
in front of the bodyfrom theleft sideto theright side. The
reasorfor thisis that,giventheimagesn gure 1, theprob-
lemisill-posed.Thisis obviousoncenoticingthatnoimage
shavsthefront-left sideof the person.

4.3 Recovering color information

Before assigningcolor to surface voxels, depth maps
were constructed. They are displayedin gure 4. They
arevery goodat corveying 3D orientationand position of
differentbody parts.

Figure4: Depthmapimages- Lighter color meanscloser;
darker meandarther

Color reconstructiorwas performedasdescribedn the
previoussection.Theresultsareshavnin gure 5. Again,
thesurfacevoxelsonthefront-left sideof the persorarenot
visiblein ary of thefour camerdmagesandthereforeghere
thereconstructiorfiailed. Voxelswherecolorreconstruction
washot possibleweredisplayedwith pure-blackcolor.

The color reconstructioris somavhat coarseand color
transitionis not smooth.

Figureb: ColorRestoration Completelyblackcolormeans
colorwasnotrestored



5. Computer Memory Requirements

Previously in the presentpaperwe statedthat a look-
up tablecanbe pre-computedor easyacces®f projection
informationProj¥(v). Similarly we could usea look-up
tablefor voxel depthinformationD epth¥ (v).

Ourimplementatiordid not uselook-uptablesfor voxel
depth,and as a consequencéhe executiontime is higher
during the building depthmapsphase. First, depthinfor-
mationwas necessarpnly for surfacevoxels. We saw in
sectiond.2thatin the datasetexamplesurfacevoxelscon-
stitutedabout10% of all voxels. We did not wantto usea
lot of memoryspaceto storethe depthmaplook-up table,
of which only about10% get used. Secondthe gain from
using a look-up table for voxel depthinformation (scalar
multiplication and addition)is not assigni cant asfor the
projectioninformationtable (matrix multiplication andad-
dition). Nonethelessf the computationatime needgo be
reducedurther, depthlook-uptablesshouldbe used.

Thevoxel carvingprocedurehatwe useneedgo project
just one point belongingto a voxel to eachimage plane.
This is becausewe reducedProj*(v) to have only one
pixel. The spacerequirementcompleity for the projec-
tionslook-uptablenecessaryor voxel carvingis therefore

( K N3), whereK is the numberof camerasandN is
voxel resolution.

The voxel coloring procedureneedsto constructdepth
mapsfor eachpixel in thecameramagesandthereforethe
entire projectionregion is needed.The pixels that belong
to the projectionregion of a voxel are found by project-
ing the eightverticesof the voxel into theimageplane;the
pixelsthatareinsidetheir corvex hull are selectedas part
of Projk(v). If we denoteby A asthe averagenumber
of pixelsin the projectedregion of a voxel in oneimage,
thenthe spacecomplexity for the projectionsdook-uptable
is ( A K N?). Keepin mindthatN andA areinversely
related.This look-uptablecanbe usedfor bothvoxel carv-
ing andvoxel coloring. In theexamplewe consideredh this
paperA = 2432, K = 4andN3= 23 31 80, andthe
tableused36 MB.

As far astime compleity is concernedijt follows di-
rectly from the discussiorin section3 that

voxelcarving: ( K N?3)
(N®)
(N3)
where () takesinto accountsurfacevoxelsonly.

6. Future Work

In this paper eachset of synchronizedmagesfrom a
giventime createda new instanceof the sameproblem.We

depthmaps: ( A K

voxelcoloring: ( A K

canervisionusinginformationacquiredr computedcatear

lier timesfor processinghe currentdataset. Probabilistic
priors could be usedto re ne the volumetricmodel. Since
the goalis to performon-line voxel carving, we could re-

cover the volumetricmodelincrementally by startingwith

alow resolutionmodel,andgraduallyincreasingthe voxel

resolution.

We have seenthatthe recoveredcolor was not smooth,
which might be due to the medianchoice. A meanvalue
might producesmoothercoloring, but it is subjectto out-
liers. We think that resultsof this quality canbe obtained
with lesscomputationatime by usingthe rst pixel color
thatis foundfor which D epthM apX(p) = Depth¥(v), and
ignoringthe otherpixelsthat satisfythis condition.

The currentimplementatiormruns somavhat slow for an
on-line process.We needto investigatewhich part of the
procedurds the bottle-neckandif it is analgorithmcom-
plexity problemor animplementatiorproblem.

7. Summary and Conclusion

We have presenteé methodfor reconstructinghevolu-
metric modelof an objectandwe have recoveredcolor in-
formationfor realisticallyrenderingthe 3D shape.We did
so by sggmentingthe silhouettedrom the images by con-
structingthe volume asthe set of voxels that projectinto
all silhouettesandby assigningcolor to eachsurfacevoxel
takinginto accountself-occlusion.

This applicationcanbe usedfor monitoringovertime a
sceneandtheobjectsmovingin it from arbitraryviewpoints
with a limited immobile numberof camerasOnesuchex-
ampleis broadcasting football game. It is impracticalto
have a physicalcameraoamingaroundthe eld, but noth-
ing canstopa virtual camerafrom doing so. Imagescap-
turedfrom aroundthe eld with real camerasanbe used
in synthesizinghew imagesfrom the viewpoint of a virtual
cameraEventhoughthis examplemightbebeyondthecur
renttechnologicakapabilitiesdueto the giganticsizeof a
football eld, it might still be applicablein ervironments
with asmallerscale.

Anotherapplicationthat could bene t from voxel carv-
ing andcoloringideasis broadcastingver Internetthe 3D
informationof a virtual scenechangingover time. Rather
thantransmittingthe entire 3D scenea numberof 2D im-
agesaresentover theInternetandthe destinatiorcouldre-
constructthe sceneand displayit from ary viewpoint de-
sired. This strategy coulddecreas¢henecessarpandwidth
of thetransmission.

This methodis supposedo be usedin real-time,how-
everthecurrentimplementationakesaboutaminuteto run.
Theapplicationghatthis methodcould be usedto, suchas
theonesmentionedabove andmary othersmalesit worth-
while andshouldbere ned for betterperformance.
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