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Abstract

In this paperwe presentan image-basedalgorithm for surfacereconstructiorof moving garmentsfrom multiple

calibratedvideocamens.Usinga color-codedcloth texture allowsreliable matding of circular featuesbetween
differentcamen views.We useana priori knowntriangle meshassurfacemodel.Byidentifyingthe meshvertices
with texture elementsve obtaina consistenparameterizatiorof the surfaceovertimewithoutfurther processing

Missingdatapointsresultingfromself-shadowingre plausiblyinterpolatedby minimizinga thin-platefunctional.

The deforminggeometrycan be usedfor different graphicsapplications,e.g. for realistic retexturing. We show
resultsfor real garmentsdemonstating theaccuracy of therecovered e xible shape

CategoriesandSubjectDescriptorgaccordingo ACM CCS) 1.4.1 [ImageProcessingndComputetVision]: Dig-
itization andimageCapturel.3.7 [ComputerGraphics]:Animation

1. Intr oduction

Correctrealisticsimulationandvisualizationof textiles has
beenat the focus of mary researchelds suchas math-
ematics, physics, materialsscience,and computergraph-
ics. A wide areaof applicationgangingfrom virtual actors
for the Im industryto virtual prototypingof cloth design
hasmadethis researcheld especiallyattractie. Physically
basedapproachesim at modelingthe behaior of textiles
basedon physical modelsof textile dynamics.The meth-
odsusedvary from linear elasticto nonlinearvisco-elastic
approachesMuch researchis concentratingon nding the
right modelto capturethe physical behaior andrepresent
it [CK02, EKS03 RBFO3 MTCK 04]. Sincethe work of
Baraf andWitkin [BW98)], implicit numericaltime integra-
tion hasprovedto be a powerful numericalmethodto solve
the stiff ordinary differential equationsthat arise in cloth
simulations.

The obtained results have to be rendered photo-
realistically (Figure 1) to obtain a good look and feel of
the simulatedresult. Here, researchaims at modelingthe
visual behaior of cloth to enhancehe realisticimpression
of the animation([SSK03 MMS 04]). Nowadays,current
cloth simulationengineshave becomepowerful enoughto
be usedin quality demandingapplicationsrelevant to tex-
tile industries.Moreover, animationsproducedby Im in-
dustryincludevery realisticallylooking cloth which cannot
be distinguishedrom real capturedcloth. Despitetheseef-
forts andfastercomputerssomingup every year theknown
methodsare still far from generatingrealistic detailedan-
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imationsin real-time.In orderto achieve real time simu-

lations mary simpli cations, heuristics,and precalculation
have to bedonewhich producephysically reasonableesults
but the calculatednovementsstill do notlook naturallyand

lack the correctphysicalbehaior ([VMTO1]).

An alternatve to physical simulationis motion capture.
Correctphysicsis notanissuein this case Ratherthanusing
complex modelsfor the humanbody andthe garment,the
motionis measuredirectly excludingnumericalor physical
inaccuraciesTo closethe gap betweenmodel and experi-
ment,anautomatianeasuremertechniquds neededMuch
researcthasbeendevotedto skeletalandfacialmotioncap-
ture,but cloth capturestill remainsanopenproblem.

This paperis organizedasfollows. In Section2 we men-
tion relatedwork regardingthe acquisitionof non-rigid sur
faces.Section3 explains the processof garmentproduc-
tion. We thenmove on to describeour methodfor shapere-
constructionin Section4. Section5 explainsour rendering
methodand Section6 presentghe obtainedresults.Finally,
we summarizeour ndings in Section7 andconcludewith
anoutlookon potentiallyfruitful futurework.

2. Relatedwork

The problem of capturingnon-rigid motion has beenad-
dressedby a numberof researchersCarceroniand Kutu-
lakos[CKO01] obtainshapere ectanceandnon-rigidmotion
of a dynamic3D sceneby an algorithm called surfel sam-
pling. Experimentafesultsfor complex real scenega wav-
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Figure 1: Simulationand visualizationof virtual cloth with
measued physicaldata on a captued person (taken from
[MMS 04]).

ing ag, skin, shiry objects)are shavn. The reconstructed
surfelsarequite large which givesa coarsesamplingof the
surface.A o w-basedtracking methodwhich doesnot re-
quire prior shapemodelsis describedin [TYABO1]. The
methodproducesD reconstructionfrom single-viev video
by exploiting rank constrainton optical o w. Resultsfor a
shoeanda T-shirttrackingsequencareshown.

Bhatetal. [BTH 03] estimatethe parametersor a cloth
simulationby adjustingthe simulationresultsto real world
footage Thisis anelegantwayto avoid parametetuningby
hand.Resultsfor fabricswith differentmaterial properties
are shawvn. By reducingnon-rigid motion to several mate-
rial parameterghis methodis suitablemainly for qualitative
reproductionPritchardandHeidrich[PHO3 useanimage-
basedapproacho cloth motion.They useacalibratedstereo
camergpairandobtainthesurfaceparameterizatioby using
SIFT featurematching.Motion blur causedoy fastmotion
reducegheaccurag of thematching.

Lobay and Forsyth[LFO4] show that shape-from-teture
techniquesanbeappliedto clothreconstructionTheresults
arebasednstill imagesandasurfacemodelwith irradiance
mapsis reconstructedTheir shapefrom texture approach
derivessurfacenormalsfrom theshapeof theindividual tex-
ture elementswhich requiresa regular texture pattern.The
resultslook smoothbut lack detail. Ebertetal. [AEDO3] use
color-codedcloth texturesfor retexturing virtual clothing.
Togetherwith rangescansof the garmenta parameteriza-
tion of the meshis obtained.The authorsusea color code
which hasa limited size of codevordssothatthe patternis

repeatedverthewholefabric.In thismethodthecolor code
is only usedfor the parameterizationf the surface.

The work by Guslov et al. [GKBO03] is closestto our
work. They usecolor-codedquad markersfor the acquisi-
tion of non-rigidsurfacesResultgor differentsurfacetypes,
including a T-shirt are presentedThe usedcolor codehas
alsoa limited size of codevordsso that a trackingmethod
basedon Markov random elds is employed. The system
achievesreal-timeperformanceTrackingperformancelete-
rioratesfor fastmotion andthe quadshave to be quitelarge
which limits surfaceresolutionIn contrastour methoduses
a color codewith more codevords and can copewith fast
motion. It makes useof the a priori knowledge of surface
connectvity and the color-codedpattern.In our work we
presenthe rst resultsfor complex motionof realgarments.

3. Preliminary work

Our approachrequiresa costum-printedcloth pattern.We
describeits productionin the following. Additionally, a tri-
anglemeshfor the garmentis constructedasinput for the
acquisitionalgorithm.

3.1. Color-codedpatterns

Color codesare well-known in the contet of structured
light reconstructiortechnique§ZCsS03. In [PSGM03, a
goodoverview of projectionpatternsincluding color codes
is given. For two-dimensionatloth textureswe needa pat-
tern which encodesboth axes. On the one hand, the pat-
tern should be large enoughfor manufcturing garments.
On the otherhand,eachpoint in the patternmustbe iden-
ti able andthus have a differentcodevord. We have cho-
senM-arrays[MOC 98], a color codewhich encodesach
pointin the patternby its spatialneighborhoodFigure 2).

In this code,each3 3 neighborhoodf a pointis unique
andcanbe usedfor pointidenti cation. The numberof pos-
sible codevords dependsn the numberof colorsc andis

Figure 2: The pseudo-andomcolor pattern usedfor our
garmentscontains ve colors: cyan, magenta, yellow or-
ange andgreen.
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given by c? (2.9 million for ¢ = 5). By choosing ve well

distinguishableolorswe areableto constructa patternwith

areasonableizefor textile printing (76 251 points).For

pseudo-randornodegeneratiorwe adoptanincrementabl-

gorithm describedin [MOC 98§]. It bagins by seedingthe
top-left3 3 window of the patternmatrix with a random
color assignmentaind lls up the matrix by incrementally
addingrandomcolors. In eachstep,the window property
is veri ed. In our case the windows may be rotatedin the
cameramages.n orderto make pointidenti cation invari-

antto rotations all windows arealsoveri ed againstrotated
versionsin 45 degreestepsThis reduceshe numberof pos-
sible codevordsbut still allows patternsof reasonableize.
The outputof the algorithmis a patternmatrix M with en-
triesfor the vecolors.

The generatedtolor patternis printedon polyesterfabric
with a high-quality textile inkjet printer The grid spacing
betweerdotsis 2 cm with diametemrmeasuringl.3cm. The
two garmentsa skirt anda T-shirtaremanufcturecby atai-
lor. During this processye take photographf thegarment
paneloutlinesfor trianglemeshconstructionFigure 3).

Figure 3: Thefour garmentpanelsusedfor the T-shirt. After
saving, the outlinesare further reduceddue to the seams
which is importantfor meshconstruction.

3.2. Mesh construction

Basedon the photograph®f the panelswe designthe vir-
tual garmentcounterpartsTo this endwe usethe cloth sim-
ulationplugintcClothfor Alias' Mayasoftware[GMP 04].
With thistool we constructhecorrespondingneshegor the
garmentFirst,we drav thebordercurvesof eachpatternus-
ing Nurbscurves. Thesecurvesareassembledo cloth pat-
ternsfrom which singletriangle meshesre constructedor
the patternsWe meetthe additionalconstraintthat interior
meshpointsaresituatedat the centerof the color dots. This
is achieved by triangulatinga regular quadraticmesh,rep-
resentingthe colorcodedtexture, inside the bordercurves
drawn in the rst step.Then,the necessargeamsetween
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the cloth patternsare speci ed, and the completepiece of

cloth is constructedin this step,we asserthatthe patterns
aretriangulatedn suchaway thattwo correspondingeam
lineshave thesamenumberof vertices More preciselyeach
seamis given by a list of pairs of verticesbeing the cor

respondingverticeson two not necessarilydistinct planar
patterns Afterwards,the integratedcloth simulationbased
on [EKSO03 is usedto achieve a smoothtriangle meshas
input for the reconstructioralgorithm.A more detailedde-
scription of the meshconstructionprocesscanbe found in

[GMP 04, KFWO04]. Thecorrespondendeetweerthemesh
verticesinside the bordersand the colored patterndots is

also establishedduring meshconstruction.The uv texture

coordinate®f avertex correspondo its index in the pattern
matrix M.

4. Cloth Motion Capture

Oursystenconsistof eightsynchronizedideocamerasr-
rangedall aroundthe personwearingthe garment.In a rst
step, the acquiredvideo imagesare processedor feature
identi cation andmatchingbetweerdifferentcameraviews.
Using geometriccameracalibration,3D surfacepointsare
reconstructeffom theimagefeaturepositions Theacquired
surfaceis thenprocessedy hole lling andsmoothingal-
gorithms. In the following, we go throughthe processing
pipeline.

4.1. Feature recognition

The rst stepin our methodis therecognitionof coloredel-
lipses,theimageprojectionsof our patterndots.Color clas-
si cation shouldbe robust againstillumination variations.
For this purposewe corvert RGB color into the HSV color
spaceto separatduminancefrom chrominanceproperties.
Hueis representinghe color information,while Saturation
(whitenessandValue(brightnessyarywith illuminationin-
tensity A commonmodelfor this variability are Gaussian
distributionsusedin Bayesiarcolorclassi ers[VV03]. This
methodrequirestraining datafor the classi er underdiffer-
ent illumination conditions,often hand-labeledn the im-
ages[GGW 98]. For a multi-camerasetupthis is a tedious
procedureWe usea simplerapproachwhich usesonly hue
for colorclassi cation.We assumé¢hathueremainsconstant
overawide rangeof brightnesdevelsandusenearesheigh-
bor classi cation to distinguishbetween ve color classes.
No additionalthresholdssin Bayesiarmethodsareneeded.
For estimationof the color classhues a testpatternwith the

ve cloth patterncolorsis recordedfor every camera(Fig-
ured).

Color detectionis affected by cameranoise and does
not allow to exactly estimatethe projecteddot shapesWe
increasethe robustnessof featuredetectionby combining
colorwith edgeinformation.A Canry edgedetectof{ Can86
is appliedto theluminancemages Thisyieldswell-de ned
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Figure 4: Testpatternwith ve colorsfor color huecalibra-
tion.

ellipsecontoursdueto the high brightnescontrastetween
the color dotsandtheblackcloth backgroundThe contours
arefurther processedby outercontourfollowing [SA85. A
lower andupperthresholdfor thefeatureareais usedfor |-
tering. For color classi cation,every pixel insidean ellipse
votesfor acolor classandtheellipsecoloris determinedy
thewinnertakes-allstrat@y. Colordetectionworksataner-
ror rateof 5-10 percent Performanceleterioratesnainly in
shadavedareasThe centersf the color dotsarecalculated
asthecenterof gravity of the lled dotcontoursandarelater
usedfor reconstruction.

4.2. Feature labeling

In the next stepevery coloreddot hasto beidenti ed by its
window in the patternmatrix M andassigneanindex (i; j).
We usethe garmentpaneloutlinesfrom Figure 3 to mask
out all dotswhich arenot in the garmentand usethis asa
priori knowledgefor labeling. The algorithm usesa region
growing strat@y. As a rst step,a seedcolor dot hasto be
identi ed in the image.For determiningits neighborsthe
easiesapproaclwould considettheneareseightdotsin the
image.However, this may give incorrectresultswhen the
dots are obsened underperspectie projection.Dots from
the5 5 neighborhoodtancomecloserfor obliqueviewing
anglesg(Figureb5). As cloth canshaw signi cant perspectie
effectsatclothfolds, this hasto betakeninto account.While
this complicationcan be avoided if a hexagonalgrid with
uniform neighbordistancess used,the reducednumberof
codewords(c7) in this casewould requireadditionalcolors.

Thus,we have to examinethe5 5 neighborhoof the
centerdot andgenerateéhreehypothesegor its 3 3 neigh-
borhoodandthelocal lattice directionsu, v andu + v (Fig-
ure6). Thealgorithmfor seednding is asfollows:

1. Determinethethreenearesheighborf thecenterto es-
timatethelocal u, v andu + v directions(their opposite
lying neighborsaredeterminechswell).

2. Generatdhreedifferent3 3 hypothesedy shifting the

Figure 5: Left side:frontal view, neaesteightneighbos of
the centerdot. Rightside: obliqueview, differentneighbos
dueto perspectiveforeshortening
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Figure 6: Left side: Thelocal vectos u, v andu+ v can
change roles under certain viewing angles.In addition to
theobviouseightneighbos (red),the greenandblue neigh-
borhoods(dashedines) haveto be consideed aswell. For
examplethe blue parallelogram can be obtainedby shifting
thebaseline ABin theu+ vand (u+ v) directions.

baselines AB and CD along the local directions(Fig-
ure6).

3. Filter out hypothesesvhich arenotin the patternmatrix
M. For searchingthe neighbordotsaresortedby the po-
lar anglearoundthe centerdot.

After this, we have several seedhypothesesvailablewhich
are veri ed in the following region growing step.In this
manneyseeddotscanalsobefoundfor clothareabsenred
underobliqueangleswhichis importantat cloth folds. The
region growing algorithmiteratesover the following steps
until no furtherdotsarefound (Figure6, right side):

1. Computehelocalvectorsu,vfroma3 3neighborhood

2. Predictthe neighbordot position by addingu, v to the
centerposition (for examplein Figure6, u+ v is added
to the centerof the blackdot).

3. Labelanimagedotin thesearchwindow (dashedvindow
in Figure 6) with anindex (i; j) if it hasthecorrectcolor
andthe new local vectorssatisfy ku® uk ckuk and
kv® vk ckvkwith0 ¢ 1.

Step2 implies a smoothnessonstraintfor the lattice struc-
ture becausehe neighboringdot hasto lie in the speci ed
searchwindow. Thisis areasonabl@ssumptiorfor smooth
cloth surfaces Theinequalitiesin step3 have the samepur
poseThecolortestusegheapriori known patterrmatrix M.
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At depthdiscontinuitiesregion growing shouldstop.Thisis
enforcedby steps2 and3 becausén this casethelocal lat-
tice orientationis likely to changeandthe chanceto nd a
dot with the correctcolor on the otherside of the disconti-
nuity is only 20 percenfor ve colors.However, somedots
are labeledwrongly which can be detectedn the later re-
constructionstep.A seedhypothesisis veri ed if aregion
of sufcient sizeis found by the region growing algorithm.
Otherwisetheregion growing is restartedvith anotherseed
hypothesis.

Theregion growing approactworksremarkablywell and
cancopewith arbitraryimagebackgroundasit exploits the
regular lattice structurein the image.Figure 7 shavs the
outputafter region growing. The region growing algorithm
considersonly vertical and horizontalneighborswhich in-
creasesobustnessFor mostimagesonly a few seedpoints
areneededo labelall dots.Algorithm performanceleterio-
ratesfor obliqueanglesbut theseareasdon't deliver accu-
ratemeasurement®r reconstructioraryway.

Figure 7: Outputof thelabelingalgorithm.Thestarshaped
crosses(left side center) mark seedpoints wheee region
growing starts. Every color dot is connectedwith its pre-
decessouyieldingthetreestructue shownaswhitelines.

4.3. Reconstruction

After labeling, the imageprojectionsof the visible pattern
dotsareknown. We employ thelineartriangulationmethod
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from [HZ0Q] for reconstructionAll image measurements
Xi = (X;yi) = RX,i2 f0:::n 1g of a patternpointin n
cameraviews areused.P, denoteshe3 4 camergrojec-
tion matrix of camera with rows p!’  p’T andX the 3D
reconstructionA linear systemAX = 0 is solved with sin-
gularvaluedecomposition:

YoPo  Po

X=0 (@)
Xn 1p§11 Pgl
Yn 1Pn 1 Pn o1

ThesolutionX minimizesthereprojectiorerrorin theim-
agedn aleastsquaresenseThemaximumreprojectiorer-
ror is computedfor every reconstructegbointin all views.
Ouitlier pointsareremoved by comparingthe error with an
upperthreshold.The reconstructeghointsdeliver the vertex
coordinatedor thegarments trianglemesh.

Figure 8: Missing data after reconstructiondue to self-
occlusion,andresultafter thin-platehole lling .

4.4. Hole interpolation

Theresultingsurfacecontainsholesin areasf missingdata
(Figure8). Onereasorfor missingdatais self-shadwing. In
theseareasfeaturedetectiomrmustfail. Deepclothfolds may
only beseerby onecamerain whichcaseareconstructioris
alsonotpossible As apost-processingtepwe emplgy mesh
interpolationwith thin-platesplinesto Il hole areasThin-
plateinterpolationyields smoothsurfaceswhich makesthis
approacthsuitablefor cloth surfaces Thethin plateenegy
4
E(f) = fuu+ 2fuv+ f\/v du dV (2)
for afunction f : R?! R punishesstrongbendingandthe
correspondingninimumenegy surfaceis givenby D?f= 0.
For trianglemeshesheuniform Laplacianfor ameshvertex
p with vertex neighborg; is discretizedas[KCVS9§:

n 1
o
=0

Sl

Lp)=~a (P p) ©)
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Thebi-LaplacianoperatoD? is thus

n 1
L) = - & (L) Lp) @
i=0

For hole lling, we solve alinear constrainedninimization
problem.We requiretwo nestedrings of boundaryvertices
whichare x ed.We addfor theseverticesp; arow p;j = ¢; in
the linear systemwherethe ¢; arethe original vertex posi-
tions.ThisimposesaC1 boundaryconditionontheproblem.
Theholeverticescanmovefreely. A row L2(pi) = Oisadded
to thelinearsystentor everyfreevertex. Thecorresponding
matrix is sparseand the linear systemcan be solved ef -
ciently with iteratve methoddike GMRES[GL96].

Themeshholesaredeterminecy aregion growing algo-
rithm and lled sequentially The uniform bi-Laplacianop-
eratorin Equation(4) leadsto uniformedgelengths.To pre-
sene the quadraticmeshstructure the vertex neighborhood
is restrictedto horizontalandverticalneighbordor interpo-
lation.In orderto remove noiseartifacts the meshis slightly
smoothedy Laplaciansmoothingusingthe sameneighbor
hood structurein the spatialand temporaldomain.Outlier
verticesareremovedandinterpolatedrom neighborsy an-
alyzingthe spatialandtemporalneighborhood.

5. Rendering

The visualizationof the dynamicsurfacesis implemented
in hardware-accelerate@penGLwhich resultsin interac-
tive framerateq> 30 fps) on a Nvidia GeForce4Ti graph-
ics card.Renderinghe reconstructedneshesswireframe,
shadedbr retexturedusingvarioustexturesis possible The
texturesarecreatedrom real cloth pictureswhich improves
the visual appealof our renderingsFurthermorethe view-
point can be interactvely chosenfrom one of the camera
perspectiesor a freely adjustableuserde ned view. In the
caseof a cameraperspectie the recordedmagesare used
asbackgroundmages.The backgroundmagesare prepro-
cessedn orderto remove lensdistortion effects. Sincethe
reconstructedarmentsarestoredin astandard8D meshle
format, it is easyto incorporatethe textured dynamicgar-
mentsinto new or existing virtual ervironmentsusing 3D
animationsoftware.

6. Results

The scenesvererecordedwith eight synchronizedmperx
1004Cvideo camerasarrangedn a circle aroundthe scene
(Figure 9). We recordedwith a frame rate of 25 frames
per secondand an image resolutionof 1004 1004 pix-

els. A controlledlighting ernvironmentimprovesthe recon-
structionresultssigni cantly by reducingthe effectsof self-

shadaving. The sceneis illuminated by two HMI lamps
with softboxes.We useHMI lampsbecauseolor recogni-
tion works bestwith a daylight spectraldistribution. Stan-
dardtungsterhalogenampshave a higheroutputat thered

endof the spectrumandreducethe distanceof the usedcol-
orsin colorspace.

For cameracalibrationwe useZhangs method[Zha99.
Our completereconstructiormethodrequiresfrom feature
recognitionto meshpost-processingpproximately30 sec-
ondspervideoframeonaPentiumlV 3.2GHz. Thegarment
trianglemeshesiave 3000-3500meshvertices.

Figure 9: Camea setupusingeightcamens and two HMI
lampswith softboxes.

It is dif cult to evaluatethe reconstructiorresultswhen
groundtruthis notavailable.We renderthe obtainedsurface
into theoriginal videoimagedo estimateheaccuray of the
acquiredshape(Figure 10). Thereconstructiongre quan-
titatively accurate The largestdiscrepanciesccurin dark
cloth areasand nearthe image bordersdue to decreasing
cameracalibrationaccurag. Furthermorethe visible folds
andthe overall fall of the garmentcanbe reproducedFig-
uresll, 13and14). Resultsarebestassesseih theaccom-
parying video,which shavs examplesfor slow andfastmo-
tion.

7. Conclusions

We have presenteda methodfor robustly acquiring com-
plex cloth motion. By using color-codedtextures,we can
establishreliable point correspondencelsetweendifferent
cameraviews. A prior triangle meshmodel enablesus to

plausibly Il in missingdata. Our methodprovides a sur

faceparameterizatiomhat allows retexturing andrendering
thedynamicsurfacesrealisticallyfrom arbitraryviewpoints.
A limitation of our systemis thatreconstructions basecn
singleframes.Color-codedpatternsalsorequirea consider
ableamountof work beforerecordingcanbegin. In the fu-

ture,we planto exploit temporalcoherenc@ndto usemore
generaklothtextures.

8. Acknowledgments
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Figure 10: Overlayedwireframerenderingsof the surface
in two cameas perspectives.
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Figure 12: Eightinput camen viewsfor the samemomenin time

Figure 13: Thereconstructedurfacefaithfully representshe cloth foldsvisiblein theinputframes.

Figure 14: Reconstructiomesultsfor the T-shirt.

Figure 15: Arbitrary texture canbeappliedto thereconstructedlynamicsurface
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