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ABSTRACT

A methodfor theenhancemerdf geometryaccurag in shape-
from-shadingframeworks is presented. For the particular case
of turntablescenariosan optimizationschemeis presentedhat
minimizessilhouettedeviationswhich correspondo shapeerrors.
Only threeunknavn parameterdave to be optimizedleadingto a
robustandrelatively fastframework. In spiteof the smallnumber
of parametersexperimentshave shavn that the silhouetteerror
canbe reducedby a factorof morethan10 even afteran already
quiteaccurateameracalibrationstep. Thequality of anadditional
texture mappingcanalsobe drasticallyimproved makingthe pro-
posedschemeapplicableasa preprocessingtepin mary different
3-D multimediaapplications.

1. INTRODUCTION

Photorealisti@-D computemmodelsof real objectsandscenesre
key componentsn mary 3-D multimediasystems. The quality
of thesemodelsoften hasa large impact on the acceptabilityof
applicationslike virtual walk-throughs(e.qg., city guidesor vir-
tual museums)caves, computergames productpresentationn
e-commercepr othervirtual reality systems. Although the ren-
deringof 3-D computerscenesanbeperformedn real-timeeven
on hand-heldevices,the creationanddesignof 3-D modelswith
high quality is still time consumingandthusexpensve. This has
motivatedthe investigationof a large numberof methodsfor the
automaticacquisitionof textured3-D geometrymodelsfrom mul-
tiple views of the object.

Oneclassof approachesften useddueto its robustnessand
simplicity is calledshape-fom-silhouetteor shape-fom-contous
[1, 2, 3]. For shapeestimation,multiple views of an objectare
capturedandin theimagestheobjectis sggmentedrom the back-
ground.Thecontourin theimageplaneforms—togethemwith the
focal point of the camera— a 3-D viewing conethat containsthe
entire object. Intersectionof all viewing conesleadsto an esti-
matefor the objectgeometry In orderto circumventthelimitation
of reconstructinghe visual hull only, mary extensionshave been
proposedhatincorporatealsocolorinformationas,e.g.,voxel col-
oring or spacecarving([4, 5].

Once the images are reliably seymented, shape-from-
silhouettemethodswork very robust, are hardly affected by il-
lumination variations, and are computationallyquite ef cient.
With today's computersyeal-timeimplementationsion become
available, enablingnew applicationslike 3-D communicationor
3-D videorecording[6, 7, 8, 9]. In thesescenariosgatais usually
capturedwith multiple camerasn a cave, wherethe background
caneasilybe controlledfor simplesegmentation.

Fig. 1. Turntablesetup.

However, the accurayg of the reconstructedjeometryis con-
siderablyaffectedby the knowledgeof thetruecamergparameters
which requiresan accuratecameracalibration. Deviations from
the correctvaluescanleadto smaller3-D models,sincevalid ob-
ject partsmight be cut off duringviewing coneintersection.As a
result,the silhouetteof the reconstructeabjectis alwayssmaller
or equalto thetrue contour However, this unwantedeffect canbe
usedo re ne thecamergarameteragain.In [10], Grattarolauses
pairs of imagesand projectsthe viewing coneof oneimagecon-
tour into the otherimageplane,computingsilhouettemismatches.
Minimization of thesemismatchesver all camergparametersp-
timizesthe calibration. Similarly, Niem [11] minimizesthe devi-
ation of the back-projectedilhouetteof the reconstructeabject
to thetruesilhouettein the cameramages.Both approachebave
in common,thata non-linearoptimizationin a high dimensional
spacehasto beperformed.

In this paper we focus on the turntable3-D acquisitionsce-
nario as shawvn in Fig. 1. Insteadof placing multiple cameras
aroundthe object,a singlecameras usedcapturingimageswhile
the objectslowly rotates. The rotation anglebetweentwo shots
canusuallybe accuratelycontrolled,whereaghe position of the
cameraelative to theturntableis in generaunknavn andrequires
cameracalibration.In thefollowing, we presentamethodfor opti-
mizing the cameras positionfrom silhouettemismatchesin con-
trasttotheworkin [11], thecircularmotionaddssevereconstraints
whichincreaseohustnesandresultin averylow dimensionapa-
rameterspacethat hasto be searched.Suchconstraintsare also
utilized in [12], whereextrinsic and intrinsic cameraparameters
arederived from featurepoint correspondencedasteadof silhou-
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Fig. 2. Contoursof therealandreconstructe@bjectfor anincor
rectly calibratedcamera.

ette. Experimentshawv thatthe proposedsilhouetteoptimization
corvergesevenfor largedeviationsmakingcameracalibrationless
importantor even unnecessaryDue to the improved camerapa-
rametersthe accurag of the reconstructe®-D modelsis highly
increasedy this preprocessingtep.

2. CONTOUR OPTIMIZA TION FOR TURNTABLE
SETUPS

With perfectly calibratedcameras shape-from-silhouetteecon-
structsthe visual hull of an objectby volumeintersectionof the
viewing frustrumsde ned by the segmentedcontours. If the pa-
rametersof the real camerasare not accuratelyknown, an erro-
neousobjectshapeis reconstructed Due to the intersectionpro-
cessthe reconstructeabjectcontouralwayslies within the seg-
mentationmaskof the cameramageasshavn in Fig. 2.

TheareadifferenceA; betweercorrectandreconstructeab-
ject masksfor view i is directly relatedto the amountof camera
parametedeviation. Thereforejt canbe usedto optimizethe M
extrinsic and intrinsic cameraparameterg; by minimizing the
areadifference.Following [11], we de ne the costfunctionto be
minimizedasthe sumof all areadeviationsA; over all available
N views

Ai(po;iiiipm 1) 1)

In orderto computethe costfunction, shape-from-silhouette
is performedon a voxel volumewith someinitial cameraparam-
etersand the reconstructedyeometryis back-projectednto the
views creatingbinary object masks. The areaA; is simply de-

ned asthe numberof pixels belongingto the segmentedcamera
imagebut not to the reconstructe@bjectmask. The costfunction
1) is thenminimized by searchingfor an optimal
parameteisetp; correspondingo the correctcameraparameter
settings. However, in the generalcaseof N independentiews,
thenumbemM of unknavn camergarametermightbeverylarge
resultingin a very tediousoptimization. For the particularcaseof
a turntableacquisitionscenariowe shav thatthe numberof de-
greesof freedomcan be drasticallyreducedresultingin a much
fasterand more robust systemthat can be usedto obtain highly
accurate3-D models.

2.1. Parameter Constraints for Turntable Scenario

In this paper we describethe parameterestimationand camera
calibration by object contour optimization for the special case

of turntablescenarios. This is particularimportantfor off-line
3-D modelacquisitionfor applicationdik e e-commercegomputer
gamespr virtual museumsHere,accurate3-D geometryandtex-
tureis crucialto obtainphotorealistiaesultsfor arbitraryviewing
directionsinteractively choserby auser

Theturntablesetup however, severelyrestrictsthe numberof
degreesof freedomdueto the useof a single cameraanda per
fectly circular objectpoint trajectory This resultsin robust and
fastoptimizationcomparedo the generalkcase.Sincetherotation
of aturntableasshavn in Fig. 1 canbe usually controlledaccu-
rately theonly unknawvnsaretheextrinsic andintrinsiccamerga-
rameters.In the experimentswe assumehe intrinsic parameters
to beknown from aninitial cameracalibrationstep.Addingthein-
trinsic parameter$o the optimizationschemedoesnot changethe
structureof thealgorithmbut only slightly increaseshenumberof
unknawvns of the costfunction. Theonly informationthatis really
unknawn is the positionand orientationof the camerarelative to
theturntable.In generalthisleadsto 6 degreesof freedom- 3 for
rotationand3 for translation.However, for the turntablescenario
we canfurtherreducethe numberof unknawns.

Assumean object point x rotating aroundthe rotation axis
throughthe point x of the turntable. For all views i, the object
pointx; lieson acircularcurwe thatis tilted somehuv relatve to
the cameracoordinatesystem

Xi = Raxis Ri (X Xo)+ Xo: (2)

In thisequationR; de nestherotationaroundthey-axisdue

to turntablemotion

cosRy; 0 sinRy;
Ri = 0 1 0 : (3)
sinRy; 0 cosRy;

TherotationangleRy; is known from the turntablecontrol.
Rotationmatrix R axis de nesthe orientationof the turntablero-
tation axis and hastwo unknavn parametergrotationanglesRx
andR;) thatareidenticalfor all availableviews

Rais = Rz Ry (4)
cosR; sin Rz cosRx sinR; sin Ry
= sinR; cosR; cosRy cosR; sinRy
0 0 COSRy

Three other unknawvns are the position of the rotation axis
speciedby xo = [tx ty t,]7. However, the distancet, of
the camerato pointxo canbe arbitrarily chosen sincethis deci-
sion only scalesthe reconstructebject coordinatesbut results
in the sameprincipal shape.Similarly, the origin of the objectty
alongtherotationaxisdoesnot affect thereconstructeghape.

As aresult,only threeunknavn camergparameterbave to be
estimated:two rotationanglesRyx andR; for the orientationof
the turntableaxis and the horizontalposition of the rotation axis
tx. Comparedo 6 N unknavn parametersthe optimizationis
mucheasierfor this relatively low-dimensionakpace For the ex-
perimentswe have implementeda simple gradientdescentopti-
mizationthatis ableto nd thecorrectvaluesevenfor very crude
initial valuessincethe costfunctionis relatively smoothasshavn
in Fig. 3.

3. EXPERIMENT AL RESULTS

In order to illustrate the performanceof the proposedmethod
for cameraparameteand geometryenhancementseveral exper
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Fig. 3. Silhouetteerrorasafunctionof deviationsin therotational
anglesRy andR;.

Fig. 4. Geometryenhancemeribr aMochevase. Left: two frames
of the original sequencetniddle: contourerror after cameracali-
bration;right: contourerrorafterproposedptimization.

iments are performedon naturalimage sequences.For all se-
quencesgvery 10 degreesof turntablerotationan imageis cap-
tured leadingto 36 views with a resolutionof 432x576 pixels.

Basedon backgroundcolor information, the objectis segmented
from thebackgroundeadingto 36 binaryobjectmasks.Theinter-

nal camergparametergaredeterminecdncefor the camerawith a

model-basedameracalibrationtechniqug13].

With theseinitial values,the optimizationis started. Fig. 4
shaws the resultsfor two framesof the sequencéoche contain-
ing a vasefrom the PeruvianMoche culture. Theleft imagesde-
picttheoriginalframesandthemiddleonesthesilhouetteerrorA;

initial error | nal error | improvement
Mochecalib. 3192 271 11.8
Moche 9804 264 371
Tree 17461 1467 11.9

Table 1. AverageerrorA; beforeandaftercontouroptimization.

tx R« R,
Mochecalib. 1:5mm | 0:08° | 0:0%°
Moche 3:4mm | 21:2° | 0:9%°
Tree 57mm | 3:76° | 1:42°

Table 2. Estimatedparametechangedor the unknavn parame-
tersRy, Rz, andty.

for the correspondingiew after reconstructiorwith the parame-
tersfrom the cameracalibrationstep. Theright imagesshawv the
deviationsbetweerrealandreconstructedontourswhich aresig-
ni cantly reducedby the proposedalgorithm. The costfunction
(1) describingparameteinaccurag is reduceddy afactorof more
than10asshawn in the rst row of Tablel.

The resulting cameraparameteupdates,howvever, arerela-
tively small as depictedin the rst row of Table2. The initial
positionerror of the turntableaxisis about1.5 mm andtheir ori-
entationis determinedvith anaccurag of lessthanl degree.This
indicatesthat even small parametedeviations from the camera
calibrationcanleadto ratherlarge geometryerrorsandoptimizing
thesevaluescansigni cantly enhancehe accurag of the recon-
structedgeometry

In a secondexperiment,theinitial valuesfor Ry, R, andty
aresetto zeroandno informationfrom the previous cameracali-
brationis exploited. Thealgorithm,however, still convergesasin-
dicatedin Fig. 5. Althoughtheinitial silhouettesloesnot match,
the nal silhouetteerroris in the samerangeasindicatedin the
middle row of Tablel1. The correctionof therotationangleRy is
morethan20 degrees(seeTable?).

Similarexperimentareperformedor asecondsequencéree
that hasa much more sophisticateccontour The algorithm still
corvergeseven for unknavn initial valuesof the cameraposition
and orientation. Similarly, silhouetteerrorsbefor and after opti-
mizationaredepictedn Fig. 6.

The improvementof geometryaccurag resulting from the
proposednethodalsoaffectsthe quality of the texture map esti-
matedfrom theviews. Incorrectshapepreventsanaccuratestitch-
ing of multipletexturepartsfrom differentviews leadingto blurred
images.Theleft sideof Fig. 7 shavs the quality of the nal tex-
tured 3-D model of the vaseafter reconstructiorwith parameters
from the initial cameracalibration. Although the re ned values
are quite similar, the sharpnessf the texture map after the pro-
posedgeometryenhancemeris drasticallyimproved. This indi-
categhatanadditionalre nementof camergarameterfor shape-
from-silhouettereconstructiorcanhelp to improve the quality of
theresults.

4. CONCLUSIONS

In this paper we have presentech methodfor the re nement of
cameraparameterdor turntablescenarios. The contour devia-
tion betweenreconstructeabject and segmentationmaskof the
camerdramesis minimizedin ashape-from-silhouettigamevork
leadingto anoptimal setof camergparameterskor the particular
caseof turntableacquisition,we have shavn thatonly 3 parame-
tersaresufcient to calibratethe externalcamergparametersin-



Fig. 5. Silhouetteoptimizationwith no initial poseinformation
from calibration.Middle: Largeinitial silhouetteerror;right: sig-
ni cantly reduceddeviationsafteroptimization.

Fig. 6. Geometrydeviationsfor the sequencé@ree Left: original
cameraframes;middle: initial error; right: silhouetteerror after
re nement.

ternalcamergparametepptimizationcanbeaddedsimilarly with-
outchanginghealgorithm. Thelow-dimensionaparametespace
ensureshigh robustnessand reducedcompleity. Experiments
have shawvn thatthe quality of 3-D modelscanbe drasticallyim-
provedwith the proposedptimizationtechnique.

Fig. 7. Magni cation of a reconstructe@bjectwithout (left) and
with (right) camerapositionre nement. The improved geometry
resultsin amuchsharpetexture.
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