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Abstract This paperdescribesa practicalsystemdevelopedfor generating3D
modelsof humanheadsfrom silhouettesalone.Theinput to thesystemis anim-
agesequenceacquiredfrom circularmotion.Both thecameramotionandthe3D
structureof theheadareestimatedusingsilhouetteswhicharetrackedthroughout
thesequence.Specialpropertiesof thecameramotionandtheirrelationshipswith
theintrinsic parametersof thecameraareexploitedto provide a simpleparame-
terizationof the fundamentalmatrix relatingany pair of views in thesequence.
Suchaparameterizationgreatlyreducesthedimensionof thesearchspacefor the
optimizationproblem.In contrastto previous methods,this work cancopewith
incompletecircularmotionandmorewidely spacedimages.Experimentsonreal
imagesequencesarecarriedout,showing accuraterecoveryof 3D shapes.

1 Intr oduction

Thereconstructionof 3D headmodelshasmany importantapplications,suchasvideo
conferencing,model-basedtracking,entertainmentand facemodeling[13]. Existing
commercialmethodsfor acquiringsuchmodels,suchas laserscans,are expensive,
time-consumingandcannotcopewith low-re�ectancesurfaces.Imagebasedsystems
caneasilyovercomethesedif�culties by trackingpoint featuresalongvideosequences
[5]. However, this can be remarkablydif�cult for humanfaces,wherethereare not
many reliablelandmarkswith long life spanalongthesequence.

In this paperwe presenta practicalsystemfor generating3D headmodelsfrom
silhouettesalone.Silhouettesarecomparatively easyto trackandprovideusefulinfor-
mationfor estimatingthecameramotion[1,10] andreconstruction[12,2,15]. Sincethey
tendto concentratearoundregionsof high curvature,they provide a compactway of
parameterizingthereconstructedsurface.In oursystem,imagesareacquiredby moving
thecameraalonga circularpatharoundthehead.This imposesconstraintson thefun-
damentalmatrix relatingeachpair of images,simplifying themotion estimation.The
systemdoesnot requirethemotionto bea full rotationandtheimagescanbeacquired
at morewidely spacedpositionsaroundthe subject,an advantageover the technique
introducedin [10].

Section2 presentsthetheoreticalbackgroundof motionestimationfrom silhouettes.
Thealgorithmsfor modelbuilding aredescribedin Section3, andSection4 shows the
experimentalresults.Conclusionsaregivenin Section5.



2 Theoretical Background

Thefundamentaldif�culty in solvingtheproblemof structureandmotionfrom silhou-
ettesis that,unlike point or line features,thesilhouettesdo not readilyprovide image
correspondencesthatallow for thecomputationof theepipolargeometry, summarized
by the fundamentalmatrix. The usualsolutionto this problemis the useof epipolar
tangencies[11,3], asshown in Fig. 1. An epipolartangentpoint is the projectionof
a frontier point [3], which is the intersectionof two contourgenerators.If 7 or more
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Figure1. A frontier point is the intersectionof two contourgeneratorsand is visible in both
views. The frontier point projectsonto a point on the silhouettewhich is also on an epipolar
tangent

epipolartangentpointsareavailable,theepipolargeometrycanbe estimated.The in-
trinsic parametersof thecamerascanthenbe usedto recover the motion [6,4]. How-
ever the unrealisticdemandfor a large numberof epipolartangentpointsmakesthis
approachimpractical.By constrainingthemotionto becircular, a parameterizationof
thefundamentalmatrix with only 6 degreesof freedom(dof) is possible[14,5,9]. This
parameterizationexplicitly takesinto accountthemain imagefeaturesof circularmo-
tion, namelythe imageof the rotationaxis, thehorizonanda specialvanishingpoint,
whichare�x edthroughoutthesequence.Thismakesit possibleto estimatetheepipolar
geometryby usingonly 2 epipolartangencies[9].

In [10], a practicalalgorithmhasbeenintroducedfor theestimationof motionand
structurefrom silhouettesof a rotatingobject.The imageof the rotationaxis andthe
vanishingpoint are�rst determinedby estimatingthe harmonichomologyassociated
with the imageof surfaceof revolution spannedby theobject.In orderto obtainsuch
animage,a denseimagesequencefrom a completecircularmotionis required.In this
paper, theparametersof theharmonichomologyandothermotionparametersareesti-
matedsimultaneouslyby minimizing thereprojectionerrorsof epipolartangents.This
algorithmdoesnot requiretheimageof sucha surfaceof revolutionandthuscancope



with incompletecircularmotionandmorewidely spacedimages,anadvantageoverthe
algorithmpresentedin [10].

2.1 Symmetry and Epipolar Geometry in Cir cular Motion

Considera pinholecameraundergoingcircularmotion.If thecameraintrinsic param-
etersare kept constant,the projectionof the rotation axis will be a line
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which is
pointwise�x ed on eachimage.This meansthat, for any point � on
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, the equation
�����	��
� is satis�ed,where � is thefundamentalmatrix relatedto any imagepair in
thesequence.For circularmotion,all thecameracenterslie on a commonplane.The
imageof thisplaneis aspecialline
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, thehorizon. Sincetheepipolesaretheimagesof
thecameracenters,they mustlie on
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. In general,
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arenotorthogonal.Another
featureof interestis thevanishingpoint ��� which correspondsto thenormaldirection
of theplanede�ned by thecameracenterandtheaxisof rotation.Thevanishingpoint
and the horizonsatisfy ���
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�� . A detaileddiscussionof the above canbe found
in [14,5,9].

Considernow a pair of cameras,denotedas ��� and ��� , relatedby a rotationabout
anaxisnotpassingthroughtheircenters,andlet � bethefundamentalmatrixassociated
with thispair. It hasbeenshown thatcorrespondingepipolarlinesassociatedwith � are
relatedto eachotherby a harmonichomology� [9], givenby
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Notethat � has4 dof: 2 correspondingto theaxisand2 correspondingto thevanishing
point. If �

� and �
� point towardstheaxisof rotation,�

� will beat in�nity and � will
be reducedto a skew symmetry $ with only 3 dof. Besides,if the camerasalsohave
zeroskew andaspectratio1, thetransformationwill befurtherspecializedto abilateral
symmetry % with only 2 dof. A pictorial descriptionof thesetransformationscanbe
seenin Fig. 2
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Figure2. (a) A curve displayingbilateralsymmetry. The horizonis orthogonalto the axis. (b)
Samecurve, distortedby an af�ne transformation.The horizon is no longerorthogonalto the
axis,andeachsideof thecurve is mappedto theotherby a skew symmetrytransformation.(c)
Thecurve is now distortedby a specialprojective transformation(harmonichomology),andthe
linesof symmetryintersectat a point correspondingto thevanishingpoint



In [16], an algorithm hasbeenpresentedfor estimatingthe cameraintrinsic pa-
rametersfrom 2 or moresilhouettesof surfacesof revolution. For eachsilhouette,the
associatedharmonichomology � is estimatedandthis provides2 constraintson the
cameraintrinsicparameters:
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where
�

is the ����� cameracalibrationmatrix. Conversely, if the cameraintrinsic
parametersareknown, (2) provides2 constraintson � andasa result � hasonly 2
dof.

2.2 Parameterization of the FundamentalMatrix

In [8,17], it hasbeenshown that any fundamentalmatrix � canbe parameterizedas
� 
	� 
#������ , where ��� � is any matrix thatmapstheepipolarlinesfrom oneimage
to the other, and 
 � is theepipolein thesecondimage.In thespecialcaseof circular
motion,it followsthat
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Note that � has6 dof: 2 to �x 
 � , and 4 to determine� . From (2), if the camera
intrinsic parametersareknown, 2 parametersareenoughto de�ne � andthus � will
haveonly 4 dof.

An alternative parameterizationfor the fundamentalmatrix in the caseof circular
motion[14,5,9] is givenby
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where
 

is theangleof rotationbetweenthecameras.Theconstant� canbedetermined
from thecameraintrinsicparameters[9] if

�
�

, � � and
�

�

areproperlynormalized.
 

is the
only parameterwhichdependsontheparticularpairof camerasbeingconsidered,while
theother4 termsarecommonto all pairsof imagesin thesequence.Whenthecamera
intrinsic parametersare known, 2 parametersare enoughto �x

���

and �
� . Since �

�

mustlie on
�!�

, only 1 furtherparameteris neededto �x
���

. As aresult,thefundamental
matrix hasonly 4 dof.

3 Algorithms

Beforethe3D modelcanbereconstructedfrom thesilhouettesof thehead,themotion
of the camerahasto be estimated.By using the parameterizationshown in (4), the
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� fundamentalmatricesrelatingall possiblepairsof camerasin a
sequenceof ) images,taken by a rotatingcamerawith known intrinsic parameters,
canbede�ned with the3 parameterswhich �x

�
�

, � � and
�

�

, togetherwith the ) �-*

anglesof rotationbetweenadjacentcameras.By enforcingtheepipolarconstraintonthe
correspondingepipolartangentpoints,these).� � motionparameterscanbeestimated
by minimizing the reprojectionerrorsof correspondingepipolartangents(seeFig. 3).



Sincea silhouettehasat leasttwo epipolartangencies(oneat its top andanotherat
its bottom),therewill be totally �
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measurementsfrom all pairsof
images.Dueto thedependencebetweentheassociatedfundamentalmatrices,however,
these )
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measurementsonly provide ��) (or 2 when ) 
 � ) independent
constraintson the ) � � parameters.As a result,a solutionwill bepossibleif )
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Figure3. Theparametersof the fundamentalmatrix associatedwith eachpair of imagesin the
sequencecanbeestimatedfrom the reprojectionerrorsof epipolartangents.Thesolid linesare
tangentsto the silhouettespassingthroughthe epipoles,and the dashedlines are the epipolar
linescorrespondingto thetangentpoints

Theminimizationof thereprojectionerrorswill generatea consistentsetof funda-
mentalmatrices,which, togetherwith thecameraintrinsic parameters,canbedecom-
posedinto a setof cameramatricesdescribinga circular motion compatiblewith the
imagesequence.The algorithmfor motion estimationis summarizedin Algorithm 1.
Having the motion of the cameraestimated,the 3D modelcanthenbe reconstructed
from thesilhouettesusingthesimpletriangulationtechniqueintroducedin [15].

4 Experiments and Results

In orderto evaluatetheperformanceof thealgorithmdescribedin Section3, 2 human
headsequences,eachwith 10 images,wereacquiredusingthesetupshown in Fig. 4.
Thecamerais mountedto theextensiblerotatingarmof thetripod,whoseheightcanbe
adjustedaccordingto theheightof thesubject.Eachimagein thesequencewastaken
afterrotatingthearmof thetripodroughlyby � ��� , with thesubjectstandingcloseto the
tripod. The intrinsic parametersof thecameraareobtainedfrom anof�ine calibration
process.The silhouettesof theheadsaretrackedusingcubicB-splinesnakes[2] (see
Fig. 5 and6).



Algorithm 1 Estimationof themotionparametersfrom silhouettes
trackthesilhouettesof theheadusingcubicB-splinesnakes;
initialize

���

,
���

andthe ���	� anglesbetweenthe � cameras;
while not convergeddo

for eachimagepairdo
form fundamentalmatrix;
locateepipolartangents;
computereprojectionerrors;

end for
updateparametersto minimizethesumof reprojectionerrors;

endwhile

Figure4. Experimentalsetupusedto acquireimagesequencesaroundhumanheads.Thecamera
is mountedto therotatingarmof thetripodwith thesubjectstandingcloseto thetripod.Although
the cameramotion is constrainedto be circular, the cameraorientationandrotationangleare
unknown

Figure5. Imagesequence(I) usedin the experiment,with the silhouettesof the headtracked
usingcubicB-splinesnakes



Figure6. Imagesequence(II) usedin the experiment,with the silhouettesof the headtracked
usingcubicB-splinesnakes

Theinitial guessfor thehorizonandtheimageof therotationaxiswaspickedby ob-
servation,andtheanglesof rotationwereinitializedas * ��� respectively. Thesumof the
reprojectionerrorswasminimizedusingthe Levenberg-Marquardt algorithm[7].The
reconstructed3D headmodelscanbefoundin Fig.7 and8. Theshapesof theears,lips,
noiseandeyebrowsdemonstratethequalityof the3D modelsrecovered.

5 Conclusions

In this paperwe have presenteda simpleandpracticalsystemfor building 3D models
of humanheadsfrom imagesequences.No prior modelis assumed,andin factthesys-
temcanbeappliedto a varietyof objects.Theonly constrainton thecamerais that it
mustperformcircularmotion, thoughthe exact cameraorientationsandpositionsare
unknown. Besides,thecamerais not requiredto performa full rotationandthereis no
needfor usinga denseimagesequence.The silhouettesof the headare the only in-
formationusedfor bothmotionestimationandreconstruction,circumventingthelack,
instability andocclusionof landmarkson faces.The silhouettesalsoprovide a natu-
ral andcompactwayof parameterizingtheheadmodel,concentratingcontoursaround
regionsof high curvature.Theexperimentalresultsshow theaccuracy of theacquired
model.
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