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Abstract

This thesisdetails the implementationand investigationof an algorithm to recover

modelsin 3D from setsof 2D images.Recentattentionin this field hasswitchedfrom

investigationsinto staticscenesto dynamicreconstructionof scenes,for applications

in creative mediaamdthe biomedicalsectors,with particularattentionon real time

performance.The techniqueby which modelrecovery is achievedhereis theshape-

from-silhouettemethod.Pastwork hasfocussedlargely on thevoxel basedapproach

to specifyingthe visual hull, wherethis work builds an alternative representationby

recoveringapolyhedralversionof thehull. Theimplementationcreatesmodelscenes

in a 3D environment, the imagesfrom which are contouredto extract a silhouette.

Themainpipelinethenfollows on from work in (17) by constructingoptimiseddata

structureswhich allow the intersectionsrequiredto recover thevisualhull to bedone

in 2D. Contraryto the voxel basedmethodswhich tendto progressively carve away

regionsof spacewherethe objectdoesnot lie, the polyhedralmethodratherretains

information aboutwherethe object is in termsof calculatedintersections.Despite

someproblemswith creatinga robust implementation,someprecisionis obtainedin

therecoveryof modelstructures.
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Chapter 1

Intr oduction.

Thisthesisdetailsworkundertakenin orderto recoverandevaluateathree-dimensional

surfacemodelrepresentationof anarbitraryobject,imagedby a numberof staticand

calibratedcameras.The studyof full-scale real time systemswith this goal is rela-

tively new andhasbeengainingmomentumin thelast tenyears.Implementationand

evaluationof thesystemdescribedhereinsitsasapotentialresearchtool within a large

scaleprojectwhich aimsto createinfrastructurefo researchinto modellingof thehu-

manform beingundertakenat EdVec in Edinburgh for usein thecreative mediaand

biomedicalsectors.The techniqueimplementedestablishesanapproximatemaximal

containingvolumetric representationof the object, the visual hull. The hull is con-

structedby the mathematicalintersectionof a numberof volumeswhich aredefined

by the silhouetteof the objectseenfrom variousviewpoints. Thesevolumestake as

input a setof coordinatesof silhouettecontourverticesfor a particularcameraview

imageplane,andthecoordinatesof thecameracentreof projection.Raysextrapolated

from thecameracentrethroughthesilhouettecontourimageplanepointsandbeyond

definea generalisedpolyhedralconefor thatview which is guaranteedto containthe

object. Intersectionof conesfrom several viewpointsdefinean approximationto the

objectasapolyhedralvisualhull. Optimisationsmadeto theinputsilhouettecontours

areusedto reducethedimensionalityof theintersectioncalculationsfrom threeto two

dimensionsandthusincreasetheperformanceof thesystem.Theseoptimisationsuse

propertiesof epipolargeometrywhich describestherelationshipbetweencorrespond-

ing points of interestimagedfrom a multiple-view imaging setup. Orderingof the
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Chapter 1. Introduction. 2

input imagesis employedasa preprocessingstepsothattherepresentationof theim-

agesandepipolarconstraintcanbecombinedto maximiseefficiency. In thefollowing

sectionsthebackgroundgeometrywhich underpinstheimplementationis introduced,

togetherwith a survey of otherrelevant andprecedentwork in this area. The report

continueswith detailedinstructionsof how the implementationis achieved,followed

by the resultsobtainedin its operation. Theseinvestigationsarethenevaluatedand

discussed.



Chapter 2

Backgr ound

Thetechniquesemployedin the implementationof thesystemdescribedin this work

aredrawn from the disciplineof 3D geometry. Somespecificresultsfrom this field

are introducedherein order to highlight their utilisation throughoutthe report. In

particularthedifferentcoordinatesystemswhichareusedandthematriceswhichrelate

thesesystemsareintroduced,alongwith an explanationof epipolargeometrywhich

describestherelationshipbetweenmultipleviews in ascene.

2.1 Coor dinate systems.

The transformationbetweendifferentcoordinatesystemsallows a multiple view 3D

sceneto bedescribedin termsof its components.Whendealingwith multiplecompo-

nentsit is naturalto considerlocal descriptionsin termsof thelocal coordinateframe,

which in this caseis a camera’s coordinatesystem.Representationof a 3D objectas

a 2D imageis achievedby applicationof a perspective projection,which mapsa 3D

point in spaceto a planeapplyingperspective foreshorteningin theprocess.Theline

connectingthecameracentreandthepoint in spaceintersectsacameraimageplaneat

apoint with coordinates
�
x � y� f � shown in figure2.1. Thiscanbewrittenas

3
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wherex andy arecoordinatesin thecameracoordinateframe, f is thefocal lengthof

thecameraand
�
X � Y � Z � 1� representsthecoordinatesof apoint in 3-spacein homoge-

neouscoordinates.

This situationappliesfor orthogonalcoordinateaxeswhereoneaxisis perpendic-

ular to theimageplane.Theaxis intersecttheimageplaneat theprincipalpoint with

coordinates
�
px � py � f � . Themainframeof referencefor thewholesystemis theworld

coordinatesystem. Individual componentsrelateto oneanothervia this systemand

maybedescibedby arotationandatranslationrelativeto theworld origin (figure2.2).

Thismaybewrittenas
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Figure 2.2: Relation between coordinate systems in world frame.

for any 2 locationsin spaceA andB. R is a 3 � 3 compoundrotationmatrix andT

representsthetranslation.Thismaybeabbreviatedto

Xc
��� R � T � Xw

Dueto thefact thatpixel coordinatesaredefinedwith thetop left of thescreenasthe

origin,athird systemrelatescameracoordinatesto theimageplane.Imagecoordinates�
u � v � canbedefinedin termsof world andcamerapoints

�
X � Y � Z �
	 � f X

Z � px � fY
Z � py � T

whereu � f X
Z � px, v � fY

Z � py. Thiscanbeexpressedas
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where

K �
f 0 px

0 f py

0 0 1

is calledthe cameracalibrationmatrix andcontainsparameterswhich mapbetween

imagepointsandrays in world space. Concatenatingthe relationshipsdefining the

threedifferentsystemsit is possibleto arrive at a singleexpressionwhich allows a

world point to bemappeddirectly to its imagepoint representation.Thisexpressionis

theprojectionmatrixP andthemappingcanbewrittenas

�
u � v� 1� T � K � R � T �

X

Y

Z

1

whichshortensto

x � PX

whereP � K � R � T � . At thispoint it shouldbenotedthatalthoughit is possibleto obtain

an imagepoint from it’ s world point, an inverseinjective mappingis not possible,

exceptto obtaintheline onwhich the3D point lies (7).

2.2 Epipolar geometr y.

Epipolargeometrydescribesthefundamentalrelationshipbetweentwo views,andal-

lowsoperationsbetweenviewsto bespecifiedfrom aknowledgeof thecamerainternal

parameters(in K) andtherelativepositionof thecameras.Figure2.3ashowsa typical

two-view setupwith 2 camerasA andB with centresC andC � , their respective image

planesanda world point,X . Theprojectionof X on theimageplanesis x andx� . The

first importantconstraintis thattheplaneformedbyC, C� andX hasx andx� coplanar.

This holdsfor any X . ThebaselineC 
 C � joining thecameracentresmeetstheimage

planesat e ande� , calledtheepipoles,andthesepointsrepresenttheprojectionof one
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Figure 2.3: Epipolar geometry in a two-view setup

camera’s centreon the imageplaneon the othersimageplane. Clearly, if the only

informationknown is thecameracentresandtheimagepoint x, a line projectedback

from C throughx will containX . This line projectsto a line in imageplaneB. Thusa

back-projectedimagepointviewedby eithercamerawill projectto a line in theothers

imageplane.

Theestablishmentof two cameracentresin spacedefinesabaselinebetweenthem.

Thebaselineis a fixedentity, which togetherwith a numberof pointsin world space

will describeasetof planeshingedaboutthebaseline.Suchplanesarecalledepipolar

planes,andthisrelationshipis illustratedin figure2.3b. Thefigurealsoshowshow two

distinctvertically displacedpointsdefinetwo planeswhich intersecttheimageplanes

at two lines in eachview. Theselines intersectat the epipolesin the corresponding

imagesplanesandarecalledepipolarlines.Epipolarlinesall have theusefulproperty

thatthey intersectat theepipole.Thusa setof imagepointsin oneplaneprojectsto a

setof epipolarlinesin theother, tracingout what is calledanepipolarpencilof lines.

Clearly theseconstraintsareusefulwhereattemptingto recover 3D informationfrom
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Figure 2.4: Epipolar planes and epipolar pencil

morethanonecamera.

Two usefulalgebraicrepresentationsof the relationshipbetweentwo camerasin

sucha setupcanbe obtainedin the form of matrices,the essentialandfundamental

matrices.Two cameracoordinatesystems,asin figure2.3,imaginga point X at x and

x� arerelatedby a rotationR anda translationT , then

x� � Rx � T

Takingthevectorproductwith T followedby thescalarproductwith x’:

x��� � T � Rx � � 0

Thiscanbewrittenas

x� T Ex � 0
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in cameracoordinates,whereE ��� T ��� R is the3 � 3 essentialmatrix and � T ��� is the

skew-symmetricrepresentationof T . Theessentialmatrix is thealgebraicrepresenta-

tion of epipolargeometryfor known calibration. Using the calibrationmatrices,the

essentialmatrix canbegeneralisedto relateimagepointsto cameracoordinates:

x� T K � T EK � 1x � 0

or

x� T Fx � 0

whereF � K ��� T EK � 1 is the3 � 3 fundamentalmatrix. The fundamentalmatrix has

very usefulproperties,particularly l � � Fx and l � FT x� with x andx� in imageco-

ordinates.This meansthat the projectionof an epipolarline onto imageplaneB is

givenby theoperationof thefundamentalmatrix on thecorrespondingimagepoint in

A. Conveniently, thereversemappingbetweenB andA is achievedby theapplication

of the transposeof F which mappedA to B. Inclusionof the calibrationparameters

in the fundamentalmatrix meansthatboth the intrinsic andextrinsic parametersof a

sceneareencapsulatedin asinglerelationship,anadvantagecomparedto theessential

matrix (11). Knowing K, R andT allowsthewholeepipolargeometryof asceneto be

specified.

2.3 Previous and Related Work.

In recenttimes,muchwork hasfocussedon the problemof constructionof realistic

3D modelsfrom multiple viewpoints. Traditionally, theapproachhasbeenintensity-

basedor feature-basedimagecorrelation.Successin theseareashasbeentemperedby

severallimiting factors:

� views are requiredto be sufficiently proximal to achieve effective correspon-

dences.

� large changesin viewpoint requireaccurateseriesof correspondencesacross

images.
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� 3D surfacemodelshave to befitted to sparsedatabeforedetailcanbeadded.

� lackof detailregardingocclusionresultsin models.

Thesefactorshave led to aninterestin constructingscenesin termsof thevolumesor

surfacesderivedfrom theimages,replacingtheimage-basedsearchwith ascene-based

search.Thesetechniquescangenerallybe describedasvolumetricscenemodelling.

Within thisscopethereareseveralapproachesto reconstructionincludingdensestereo

matchingand shapefrom silhouettewhich build an explicit representation,image-

basedmethodswhereonly novel views are required,and hybrid approacheswhich

draw on both modeland image-basedtechniques(3). The approachadoptedin this

work is theshapefrom silhouettetechnique,widely studiedin thepast10 years.All

systemsandalgorithmswhich usethis methodhave at their root a constructionof the

visualhull conceptintroducedby Laurentini(9). 3D informationaboutshapecanbe

gainedfrom visual cuesaboutan objectssilhouettein 2D. Computationallythis can

berealisedby first projectingraysfrom a viewpoint (cameracentre)tangentialto the

silhouetteoutline of the objectfor all pointson the outline. This definesa cone-like

regionin spacecalledasilhouetteconewhichis guaranteedto containtheobject(figure

2.4a).

Intersectionof conesobtainedfrom differentviewpointsdescribesanapproximat-

ing volumeto theoriginal object. Thevisualhull is definedasthe intersectionof the

conesfrom theinfinite numberof viewpointssurroundingtheobjectoutsideof its con-

vex hull. Thisdefinesamaximalvoulmewhich is guaranteedto containtheobjectand

which is at leastasgoodafit astheconvex hull. Theconverseto this resultis thattwo

objectscanbediscriminatedby silhouettefrom aviewpoint from adistinctvisualhull.

Therearesomelimitations in this technique:Any globalconcavity within theobject

cannotbe resolved by examiningany of the silhouettesdescribedby the visual hull.

This reflectswhat is calleda silhouetteinactive surface(figure2.4b). At thepractical

level, it is infeasibleto computeaninfinite numberof conesfrom which to recover the

visualhull perfectly. Sometrade-off mustbeemployedbetweenconstraininga com-

pletehull andtheexpenseof obtainingmany cones.For this reasonanapproximating

visual hull is generallycalculatedfrom which an approximatevolume is described

(figure 2.4b). The mostcommonmeansof deriving a modelvia its visual hull is to
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Figure 2.5: Object, image planes, silhouettes and silhouette cones.

discretisethemodelspaceinto structuredvolumeelements(voxels)at aprogressively

increasingresolution,calculatingoccupancy of the elements.Efficient resolutionis

normallyachievedby linking the spatialsubdivision via branchandleaf nodesof an

octreestructure.Thiseliminatestheneedto exhaustively calculateoccupancy of large

numbersof fine scaleelementswhich containemptyspace.The techniquegenerally

proceedsby projectingeachsilhouetteconeof voxelsontoeveryotherimageplaneand

thenremoving thosevoxelswhich lie outsideof theboundaryof thesilhouettein each

imageplane.In this mannerregionsof spacecanbeprogressively removedwherethe

objectis not for eachintersection.For this reasonthe techniqueis variouslyreferred

to asspaceor voxel carving(8).

Work relatedto thisapproachmaybefoundin (6) whichcalculatestheintersection

of backprojectedsilhouetteconesin 3D obtainingvolumeoccupancy from theresult.

An alternativeapproachis takenin (Snow etal.) whichoptimisestheproblemby com-

putationof aglobalminimumof anenergy functionconsistingof apixel intensitydata

termanda local smoothnessterm. Applicationsin thefield arenumerous.A virtual
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Figure 2.6: Object with global concavity and visual hull of object.
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view generationsystem(12) utilisesmultiple view videostreamsof a sceneto deter-

mine volumeoccupancy andspecialisedhardware to determinecolour in the model

producingphotorealisticinteractively renderedscenesfor arbitraryviewpoints. The

approachtakenin (5) combinesmodelreconstructionandnon-explicit reconstruction

in ellipsoidfitting for moving humansin realtime,while thesystemin (13)constructs

a simplemodelof a scenefor eachcameraat eachinstantfrom rangeand intensity

informationfor multiple videoinputs. Thecollectionof instantsis recombinedinto a

global3D surfacemodelof thescenewhich allows reconstructionof novel photoreal-

istic views

An alternativeapproach,andtheonepresentedin this work, is to obtainthevisual

hull by calculatingan explicit andexact polyhedralmodel. This techniquealsouses

the intersectionbetweena silhouetteconeandsilhouetteto build the visual hull, but

insteadof discardingareasoutsideof thehull, intersectionsareretainedandlifted back

into 3D to definepolygonalboundarieswherethehull is. Thechoiceto implementa

polyhedralrepresentationof thevisualhull in placeof onerealisedby voxel carvingis

influencedby severalfactors:

� themethodis newerandmuchlesswell documentedsois ripe for investigation.

� therepresentationis view-independentsooncecalculatedfor a singlesetof in-

puts,therecoveredhull lendsitself well to beingrenderedin novel views.

� a polyhedraloutputis well suitedto beingrenderedby standardgraphicshard-

ware.

� voxel basedmethodssuffer from antialiasingeffectswhich area resultof quan-

tisationin thechoiceof elementdimensionsandtopology.

� a polyhedralrepresentationcanbe saidto be exact for the numberof views in

thesensethat it is composedof setsof lineswhich representexact locationsof

theobject.

A systemwhich adoptsthis approachandwhich providesthealgorithmwhich forms

thebasisof thework presentedhereis thePolyhedralVisualHull (PVH) system(17).

This systemproducesa real time reconstructionof the visual hull as a polyhedral
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model. Silhouettesof anobjectfrom severalcamerasareextracted.Raysareextrap-

olatedfrom a cameracentrethroughthesilhouetteimagepointsto definea silhouette

conefor eachimage. The silhouettesare preprocessedinto specialdatastructures

calledEdge-Binswhich areusedto acceleratethe calculationof cone-coneintersec-

tionsin 2D. Theintersectionsarethenlifted backinto 3D andcombinedto form a set

of polygonalfaceswhich describethe visual hull. In the system,imagescapturedat

thetimeof input areusedto texturemapthehull giving aphotorealisticoutput.
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Method

Successfulrecoveryof apolyhedralrepresentationof avirtual object’ssurfacefrom its

silhouettesshouldnegociatethefollowing stages:

� specificationof aconstrainedmodelscene.

� recoveryof therelativegeometryof thescene.

� silhouetteextractionof input images.

� implementationof analgorithmto extracta polyhedralmodelfrom thesilhou-

ettes.

Thesemaindifficultiescanbesubdividedandrelatedto form a linearpipelineof sub-

problems(figure3.1).Thischapterexaminesthemethodsusedto achievethefirst two

mainstages.

3.0.1 Model Scene Specification.

To producea realisticsimulationof thebehaviour of a multiple cameraimagingsys-

tem,theinitial stageof theproblemconcernedhow to createandrelatevirtual cameras

andobjects. Suitability of an appropriatemodellingenvironmentandchoiceof test

modelshadto be considered.The numberof applicationsfor modellinga multiple

camerasetupis largeandany of Matlab,VRML or Java3Dwouldhavemadeareason-

ablechoice.In theendit wasdecidedto usetheVisualisationToolkit (VTK). VTK is a

15
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virtual cameras
test models

calibration objects
calibration

fundamental matrices
recovery of

silhouette extraction
(marching squares,
triangulation, decimation)
point ordering

construction of edge−bins
2D intersection
back−projection
3D intersection

Figure 3.1: Stages of operation in the pipeline
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powerful andextensivesetof C++classlibrariesbuilt ontopof abasicgraphicslibrary

(OpenGLin this case).It allows easyspecificationandcontrolof virtual camerasand

modelsand is particularlysuitedto visualising3D data. The fact that VTK affords

implementationin theTcl/Tk interpretinglanguage(with which prior experiencehad

beengained)allowedprogressto bemadewhile theC++ languagewasbeingdigested.

To createamodelscenein VTK requiressomeobjectsto bespecifiedin apipeline:

� oneor moresourceobjects.In theabsenceof any externaldatalocalparameters

areusedto generatedata.Thesourcehasoneor moreoutputsandno inputs.

� zeroor morefilter objectsto transformthedata.A filter hasoneor moreinputs

andoutputs.

� a mapperobjectto transformthedatato graphicsprimitives.A mapperhasone

or moreinputsandnooutputs.

Implementationof a scenerequiresthat a renderingwindow object is createdalong

with arendererobject.Thisobjectis createdwith adefault light andcamerawhichare

coordinatedby therendereralongwith anactorobjectrepresentingthepropertiesand

geometryof anobjectin thescene.All concreteclasseshaveuser-accessiblefunctions

throughwhich objectbehaviour maybecontrolled(REFVTK). Initially a testscene

wascreatedwith 4 camerasrotatedby30% , 120% , 210% , and300% abouttheworld y-axis

and 
 20% abouttheworld x-axiswith opticaxesintersectingataparticularpointsothat

thecamerasshouldbewell dispersed.Furthertestsceneshadcamerasin orientations

asshown in figure 3.2. The initial testmodelwasa cubewith side length600mm.

Othermodelsdescribea 3D L-shapecomposedof two rectangularsolids(figure3.3)

anda cubewith a sphereadjoinedat onecorner. The renderedscenewasfound to

besuitablyproportionedusingthedefault VTK cameraparameterssothesewereleft

unchanged.The backgroundfor the scenewasdefinedasa simple monochromatic

flat shading. Although this is unrealistic,it washopedto addbackgroundsandone

of the well known techniquesfor backgroundremoval, time permitting. In order to

evaluatetheaccuracy of extrinsicparametersto berecoveredlaterin thepipeline,each

camera’s centreof projectionand transformmatrix relative to the world origin was

stored.Thiswasdoneto provideagroundtruthfor subsequentpartsof thesystem.The
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Figure 3.2: Sample input image

imagesobtainedfrom thesetsof cameraviews of themodelswerestoredin portable

pixmap (PPM) format, a standardcolour imagefile format supportedby VTK and

whichaffordsplatformindependenceandis readilycompressed.

3.0.2 Camera Calibration

Thisstagein theprocessis concernedwith theextractionof therelativepositioningof

the camerasin the scene.As discussedin chaptertwo, knowledgeof the calibration

matrixK andtheprojectionmatrixP canleadto thecompletedescriptionof theepipo-

lar geometryof a scene.This in turn allows informationto be gainedregardingthe

third dimension.Also notedearlier, K containsthecamerafocal lengthandprincipal

point, theintrinsicparameters.Cameracalibrationis a techniqueto recoverK together
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Figure 3.3: Initial and subsequent camera setups

with therotationandtranslationcomponentsof theviewpoint frame.An imagepoint

is givenby theactionof aprojectionmatrixon aworld point. Thiscanbewritten

u

v

1

�
p11 p12 p13 p14

p21 p22 p23 p24

p31 p32 p33 p34

X

Y

Z

1

or

x � P
X

1

whereP has11 degreesof freedom(p34 is a scalefactor). Calibrationproceeds

by first ascertainingP from a setof known world point positionsandtheir projective

positionon the imageplane. P is thendecomposedinto the constituentK, R, andT

components.For eachpair of correspondingworld and imagepoints X and x, two

linearequationscanbewritten in termsof theelementsof P:

u � xp11 � yp12 � zp13 � p14

xp31 � yp32 � zp33 � p34
and v � xp21 � yp22 � zp23 � p24

xp31 � yp32 � zp33 � p34
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andthis gives

xp11 � yp12 � zp13 � p14
� u

�
xp31 � yp32 � zp33 � p34�

xp21 � yp22 � zp23 � p24
� v

�
xp31 � yp32 � zp33 � p34�

Thefollowing matrix relationshipcanthenbeconstructed,givenn 3D points:

X1 Y1 Z1 1 0 0 0 0 
 u1X1 
 u1Y1 
 u1Z1

0 0 0 0 X1 Y1 Z1 1 
 v1X1 
 v1Y1 
 v1Z1
...

...
...

...
...

...
...

...
...

...
...

Xn Yn Zn 1 0 0 0 0 
 unXn 
 unYn 
 unZn

0 0 0 0 Xn Yn Zn 1 
 vnXn 
 vnYn 
 vnZn

�

p11

p12
...

p33

p34

�

u1

v1
...

un

vn

so with 11 unknowns and eachcorrespondencedefining two equations,at least

six pointsarerequiredto solve. Following this a linear leastsquaresbasedor a non-

linear minimisationapproachcan be applied to minimise the distancebetweenthe

measuredandprojectedpoint. The non-linearmethodis morerobust andis usedin

the implementationof this work. With P computedthus,thematrix decomposesinto

K, R, andT . TheproductKR is thefirst 3 � 3 submatrixof P andcanbedecomposed

usinga QR decompositionresultingin theuppertriangularK andorthogonalR. T is

thengivenby(7).

T � K � 1 � p31 p32 p33� T

As noted,a minimum of six input points is requiredto calibrate. Pointsare in-

troducedtypically throughimaging a physicalobject with an arrangementof well-

constrainedpoints,suchasa checkerboardpattern.Cornerpointson the patterncan

thenbespecifiedandtheir pixel coordinatescalculated.To calibratethevirtual setup,

a calibrationobjectconsistingof a planarblack-and-whitecheckerboardpatternwas

constructedin VTK. Initially 20 imagesof theobjectin variousorientationswaspro-

duced.A library runningon Matlabwhich automatesthemathematicsof thecalibra-

tion processwasemployed. This library, theCameraCalibrationToolbox(1) takesas

input a numberof imagesof a planarcheckerboardcalibrationobject. Thefirst stage
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involvestheuserspecifyingthe grid’s extremetieswith four mouseclicks at the cor-

ners.Thenumberof squaresin thex andy directionsis specifiedandtheirdimensions

sothattherestof thegrid cornerslocationscanbecomputedaffordinga largenumber

of knownpoints.Cornerextractionis repeatedfor all imagesbeforethecalibrationma-

trix correspondingto thatcameraview is computedaccordingto themethodsdescribed

above. With realcamerasandespeciallythosewith poorquality optics,distortionof

theimagesoftenoccursparticularlytowardstheimageboundaries.Facilitiesto com-

pensatefor this radial distortionareincludedwith the library, althoughin the virtual

setupthis is notaconcern.Basedonthecomputedparameters,thegrid pointsarepro-

jectedontotheoriginal imagesanda plot of thereprojectionerror is produced.From

this it is deducedwhetherany of theprocessneedsto berepeatedfor increasedaccu-

racy in any of theimages.Initially whenthis procedurewasperformed,thecalculated

reprojectionerrorswereasignificantfractionof apixel (around0.4).Antialiasingwas

performedon theinput imagesvia a simplefunctioncall in VTK andtheerrorswere

reducedsubstantially(to 0.1 of a pixel). Extractionof theextrinsic parametersR and

T is anoptionalfinal stagein theprocess.Testsceneswereconstructedshowing the

calibrationobjectin positionsaccordingto themodelscenevirtual cameras.Thegrid

of cornerswasspecifiedandusingthe intrinsic parametersfor eachcamerain K, the

3D locationof the grid in the world referenceframewascomputed.At this stagea

slightglitch in thetoolboxwasdiscovered.As figure3.2ashows,relative to theworld

coordinateframe, two of the virtual cameraslie in the negative z sector. Whenex-

tractingcornerswith the toolbox, the useris constrainedto specify the first clicked

point asthe origin of the world frame. If the userclicks on the lower left cornerof

thepattern,thetoolboxassumesthattheuseris referringto a right-handedcoordinate

system,while a click in the lower right cornerinfers a left-handedsystem. This is

generallya userfriendly automation,but in thecaseof multiple views suchasthetest

scenehere,slightly confusingresultscanbeobtained.Usingaright-handedcoordinate

system,theworld coordinateorigin is constrainedwith aclick on thelower left corner

of thecalibrationobject. However, for thecamerasin thenegative z sector, thesame

world origin now lies at the lower right cornerandalthoughthe coordinateframeis

still right-handed,the toolbox producesR andT correspondingto a left-handedsys-
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tem. This problemwasrectifiedby applyinga simplerotationof 90 aboutthez axis

and180 aboutthe x axis to the resultingmatrices.Perhapsa slight improvementto

the toolbox would be to make the axis systemspecificationexplicit from the useror

default to onesystem.

A final considerationis thatthemakeupof K is slightly differentfor CCD devices

comparedto standardcamerasin that the imagesensorsin a CCD chip arearraysof

pixelswhichmaynotbesquare.Thisresultsin askew betweenthex andy components

which is reflectedin thevalueof theelementin thefirst row andsecondcolumnof K

asthecosineof theangleof skew. In thevirtual setupaswith mostcameras,theangle

of skew is 90 sothevalueof this elementis zero.

3.0.3 The Fundamental Matrix.

The discussionin chaptertwo emphasisedhow knowledgeof the fundamentalma-

trix maybeusedin relatingimagepointsandepipolarlinesbetweendifferentcamera

views. For this reasonit wasdeemednecessaryto recover thematricesdescribingthe

modelsetup.Despitethefactthatin generalthefundamentalmatrixexpressesepipolar

geometryin thecasewhereuncalibratedcamerasarebeingused,knowledgeof thema-

trix canbeusefulin thecalibratedcasealso.Theessentialmatrixdiscussedin chapter

two wasdevelopedbeforethefundamentalmatrixandcanbethoughtof asthespecial-

isationof thefundamentalmatrix,wherethecalibrationparametersmustbeknown in

orderto recover mappingsbetweenimagepointsandepipolarlines. Themoregener-

alisedfundamentalmatrixsimplyremovestherequirementto know calibrationparam-

etersasthey areincorporatedinto thematrix. Thus,knowing thefundamentalmatrix

requiresthat lesscalculationneedbe donebetweenimagedomainscomparedto us-

ing theessentialmatrix, andimagepointscanbe projectedto epipolarlinesdirectly.

Algebraicderivationof thefundamentalmatrix is reflectedin theequation

x� T Fx � 0

whereF � K � T EK � 1 andE �&� T �'� R, � T ��� is theskew-symmetricrepresentation

of translationbetweencameracoordinateframesandR therotationcomponent.This

reflectsthefact thatcorrespondingimagepointsandthecameracentresarecoplanar.
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In practice,derivationof F in this mannerprovesto be difficult andsaferandeasier

methodsexist. It wasproposedto employ a linearmethodto computeF known asthe

8-point algorithm. This algorithmusesthe matchup of correspondingimagepoints

betweenviews in theequationx� T Fx � 0. With a sufficient numberof matchingx : x�
pairs(theminimumnumberbeingseven)a setof linearequationsmaybedefinedand

usedto solve for F. With correspondingpointsx � �
u � v� 1� T andx� � �

u�(� v�)� 1� T each

point matchgivesriseto onelinearequationin F . In termsof knownsin x andx� and

unknownsin F :

u� u f11 � u� v f12 � u� f13 � v� u f21 � v� v f22 � v� f23 � u f31 � v f32 � f33
� 0

Fromasetof n point matches,thefollowing matrix cambeconstructed:

A f �
u�1u1 u�1v1 u�1 v�1u1 v�1v1 v�1 u1 v1 1
...

...
...

...
...

...
...

...
...

u�nun u�nvn u�n v�nun v�nvn v�n un vn 1

f � 0

As ahomogeneoussetof equations,f canonly bedeterminedupto scaleandfor a

solutionto exist, A musthaveminimumrankof eight.A rankof exactlyeightspecifies

a uniquesolutionwhich canbeobtainedby linearmethods.This specifiesa solution

for perfectdataunperturbedby noise.In realapplicationsnoisewill nearlyalwaysbe

presentandthis hastheeffect of increasingtherankof A to nine. In this casea least

squaressolutionmustbefoundwhich is equalto thesingularvectorcorrespondingto

thesmallestsingularvalueof A. This is foundfrom thelastcolumnV in thesingular

valuedecompositionA � U * DV T (7). To calculateF, setsof imagepoint correspon-

dencesacrosscameraviews in themodelscenewereobtainedandthemethodabove,

implementedin theStructureandMotion toolkit in Matlab(14) wasusedto compute

F.

With model testscenesspecified,calibratedcamerasconstrained,andvaluesfor

fundamentalmatricesrecovered,thenext stagein thesystemdesigninvolvesprocess-

ing theinput imagesin orderto extractsilhouettes,andfollowing this, themainPVH

algorithmmustbe implemented.Imageprocessingandthe PVH algorithmaredealt

with in thefollowing chapter.
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Implementation

The secondtwo main tasksin the subdivision of the specificationintroducedin the

previous chapterare examinednow. Thesedeal with the implementationof image

processingandthe main PVH algorithm. Discussionof the techniquesemployed to

achieve imageprocessinganda detaileddescriptionof themainPVH algorithmpre-

cedea full discussionof theimplementationstructureandoperation.Themainimple-

mentationwaswritten in C++ for the power, robustnessandneatnessthat building a

C-basedobject-orientedenvironmentprovides.Advantagesin termsof portabilityand

efficiency alsoinfluencedthechoice.

4.1 Image Processing.

As discussedin chaptertwo, themethodchosento achieve reconstructionof a model

involvesconstructionof a visualhull usingtheshapefrom silhouettetechnique.This

requiresimageprocessingto be performedinitially, in orderto extract a representa-

tion of the silhouetteof the object from a particularimage. The true definition of a

silhouetteis an outline portrait of an object infilled with black. For computervision

techniques,the infilling of the interior with black is a superfluousconcernsowe are

left with what is actuallysoughtin this process,a silhouettecontour, just theoutline

of the object in question.Due to the modelscenebeingimplementedover a simple

monochromaticbackground,the imagesarepresentedin thesamemannerasimages

24
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from a real systemwhich hashadthe backgroundremoved. The algorithmsusedto

achieve contourextractionare introducedbeforebeingexaminedin moredetail. A

techniquefor extractingthecontoursin a2D imageis themarchingsquaresalgorithm

(W. Lorensen), a cell baseddivide andconquerstrategy which preprocessesthe input

into anindexedcasetablerecordingtheinclusionor exclusionof acell vertex with re-

spectto thecontourvalue.Theoperationof thisalgorithmaloneis sufficient to reduce

animageto asinglecontour, howevertheoutputis anexhaustivepoint-by-pointisoline

list of everypixel pair which constitutesthecontour. To definea silhouettebasedon a

largecontourpoint setandthencalculateintersectionsof a numberof pairsof cones

will obviously becomputationallyexpensive. With this in mind, andconsideringthat

theimplementationsof mostmulti-view modelrecovery systemscomputea temporal

sequenceof dynamicallychangingobjects,it wasproposedthat this systemlike oth-

ersshouldreducethequantityof pointsbeinginput to themainalgorithm.A suitable

techniqueto achieve this is thedecimationalgorithm(W. Schroeder),a polygon-data

compressionalgorithmwhich removesor preservespointsin a triangularmeshbased

on point boundarycriteriaandrelative distanceof meshverticesfrom referencelines.

Importantly, the algorithmpreserves the original topologyof the input andmakesa

goodapproximationthe the original geometry(19). As decimationrequiresa trian-

gular meshframework as input andmarchingsquaresproducesa list of isolinesas

output,a further processis requiredto carry out the intermediatetransformationof

linesto polygons.For thisstage,Delaunaytriangulationwasproposed.This technique

takesasetof individualpointsandcreatesatriangulartesselationin 2Dwhichhasbeen

shown to be the optimal triangulationbasedon the interior anglesof the trianglesin

theresultingmesh(4). With thisdesignspecified,it washopedto extractthesilhouette

contourfor eachimageandreducethenumberof outputpointsfor efficiency later in

thepipeline,while preservingtheoriginal geometryof theinput.

Themarchingsquaresalgorithmtakesasinput a regularstructureddataset,in this

casethePPMimagesof thetestscenes.Theimageis dividedinto squarecellswhich

have pixel dimension.The next stageis to assigneachcell a bitwise codebasedon

whethereachvertex in the imagelies insideor outsidethe specifiedcontourvalue.

Initially eachvertex is classifiedthus,thenthe cellsareclassifiedbasedon thecom-
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binationof the four verticesin the cell. As eachvertex may be in oneof two states

thereexists24 possiblewaysto describeeachcell. With thebinarystateof eachvertex

settinga bit value,this definesan index into eachvertex. Examinationof thestateof

thefour verticesin acell definesa topologicalstatefor eachcell, constrainingthecell

pathof the contour. Interpolationbetweencell verticesis thenusedto ascertainthe

exactlocationof theentryandexit pointsof thecontour. In this mannerthecontouris

constructedfor eachcell. In orderto maintainconnectivity acrosscells,thealgorithm

interpolatesin thesamedirectionrelativeto verticesto avoid numericalround-off error

(19).

With asetof contourpointsdefined,compressioncanbeemployedvia decimation

afterthepoint setis triangulatedwith Delaunaytriangulation.Delaunaytriangulation

is ameshconstructiontechniquewhich is definedby two usefulproperties:

� the centreof the pointswhich make up a triangledefinea circle which passes

throughthosepoints,thecircumcircleof thetriangle.Thiscircumcirclewill not

containany otherpointsin thedatatset.

� Delaunaytriangulationcreatesanoptimaltriangulationby maximisingthemin-

imumanglefor all triangularelements.

ThemostcommonlyimplementedDelaunayalgorithm,andthatusedin this work

is the Bowyer-Watsonalgorithm (2)(18). The algorithm proceedsby initially con-

structingone large Delaunaytriangulationwhich boundsthe whole dataset.Points

which populatethedatasetareinjectedoneat a time andall circumcirclesin theex-

isting datasetwhich containthat new point are identified(figure 4.2). This involves

first locatingthetrianglewhich containsthepoint, thentheneighbouringtrianglesare

selectedto seeif their circumcirclescontainthenew point andsoon until all circum-

circlesare found. All the triangleswhich belongto thesecircumcirclesaredeleted

creatinga cavity. Finally the new point is joined to all the verticeson the boundary

of thecavity. This processcontinueswith all pointsbeingtreatedthusbeforethefinal

stepis to removethetrianglesconnectingthepointsformingtheinitial boundingtrian-

gulation(4). With thepoint setspecifiedasa triangularmesh,this cannow bepassed

asinput to thedecimationalgorithm.Thisalgorithmattemptsto reducethenumberof
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Figure 4.1: Delaunay triangulation.

pointsin a triangularmeshby a three-stageprocessof vertex classificationfollowed

by errorevaluationfollowedby triangulation.

Thefirst stageof point classificationvisits eachvertex in themeshiteratively and

classifiesit in an attemptto establishthe local topologyandgeometryof the mesh.

Classificationdetermineswhetherapoint is selectedfor deletionor explicitly retained

accordingto which oneof five possiblecategoriesit falls in from simple,complex,

boundary, interior edgeand corner. A simple vertex is one that is completelysur-

roundedby trianglessothateachedgefrom thevertex is usedby exactly two triangles.

If a vertex is not completelysurroundedor a trianglenot in thecycle of triangleuses

thevertex, it is classifiedascomplex. A boundaryedgepoint lies within a semicircle

of triangles.Simplepointscanbeclassifiedasinterioredgeor cornerpoints,but this is

basedon 3D characterandneednot beconsideredhere.Complex (andcorner)points

areneverdeletedfrom a meshbut all otherverticesareeligible to bedeleted.Whena

point is markedasa candidatefor deletion,thenext stageis to estimatetheerror that

wouldbeincurredwerethepointandits conjoinedtrianglesdeleted.Theerroris taken

asa functionof thedistancea point makeswith a referenceline (planein 3D). Simple

pointsin 2D arealwaysremoved.Boundaryandinterioredgepointsaretakento lie on

anedgeandherethedistanceto thatedgefrom thepoint definestheerrorsuchthata

point which is closeenoughto theedgewill bedeletedwhile apoint which is notwill
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beretained.Whena point is deleted,all associatedtrianglesarealsoremovedleaving

agapto betriangulatedin amoresimplemanner. Althoughthealgorithmis beingused

in a2D context, it is designedto operatein 3D aswell.For this reasonit employsa3D

triangulationtechnique.Thecycleof pointsformedafterdeletionof avertex is divided

by two with the insertionof plane. To be a valid split, all pointsin the subdivisions

mustlie onoppositesidesof theplaneandthesplit mustcreatetwo cycleswhichboth

conformto an aspectratio test. This ratio is a measureof the minimum distanceof

a point in a subdivision to the split planerelative to the lengthof the plane. Oncea

suitablesplit planeis found, eachsubdivision is recursively split until eachcontains

only threepoints.At this stagetheprocesshaltsanda triangleis created.

After theoperationof thethreealgorithms,theoutputis a reducedsetof pointsin

x andy representinganapproximationto thesilhouettecontouroftheobject.

A furtherprocessingstepwhich hadnot beenforeseensurfacedat this point. The

main algorithmlike othersilhouettetechniquesoperatesvia the interactionbetween

consecutive pairsof pointsin cones.Usingthefact thatvaluesobtainedpertainingto

thesecondpoint areusedto derive valuesfor thefirst point in the following pair is a

commonoptimisationwhich reducessearchingtimescomparedto whenan arbitrary

sequenceof pointsis used.Unfortunatelytheoutputfrom themarchingsquaresalgo-

rithm doesnot representsucha consecutive sequenceof pointswhich meantthat the

someway would have to befound to orderthepoint list into theconsecutive manner

thatthey appearin thecontour. An initial approachto this probleminvolvedsomehow

specifyinga centralpoint to the interior of the contourandcreatinga list of points

by sweepinga radial line throughthewholepoint set,addingto the list eachtime the

sweeparmencountereda point. This simpleapproachwould work fine for a convex

polygon,but wouldincorrectlyinsertpointsatconcavities. A subsequentapproachwas

takenwherea list of cyclically orderedpointscouldbecreatedby measuringthedis-

tancebetweenpointsin pixels.Thisapproachbeginswith any point in thedataset,flags

it to prevent it from beingconsideredin subsequentiterations,andsearchesthrough

thewholelist of pointsstoringthelocationof thepoint which is closestto thecurrent

point. This nearestpoint is thenaddedto the list andflagged.Theprocesscontinues

until all points have beenadded. Obviously with this technique,it is not specified
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Figure 4.2: Illustration of degenerate case.

whetherthe orderingof pointsresultsin a clockwiseor anticlockwiseordering,this

factorwill be determinedby the relationshipbetweenthe initial andsecondpoints.

Onefurther requirementfor this algorithmis illustratedby thesetof pointsin figure

4.4a.

The operationof this algorithmon a setof pointswith this arrangementwill add

point 3 to the list incorrectlybeforepoint 4 dueto a gapin pointsbetween2 and4.

This situationis not unlikely in the first few iterationsof the algorithmuntil points

whichlie to therearof theinitial pointaresufficiently distant.A partialsolutionto this

problemwasfound by specifyinga vectorbetweenthe currentandprevious points,

anda vectorbetweenthecurrentandcandidatepoints. Theanglemadeby thesetwo

vectorscan thenbe calculatedwherea particularlyobtuseanglewill suggestthat a

candidatepoint lies in the samedirectionasthe other two points. A low anglewill

suggestthat the point lies in the oppositedirection, in which casethe point canbe

flaggedandemplacedat thestartof thelist insteadof therear(figure4.4b).

With the solution to this problem being non-trivial, limitations still exist as it

stands:spatiallyadjacentmembersof thepoint setmustbe closeenoughtogetherto

preventtheerroneousinclusionof pointswhicharemadecandidateby localconcavity

(figure4.4c).Thismaywell prohibit thecorrectorderingof any setof sparsedataand

will very likely haveanincorrectresultwith self-intersectingdata.Conversely, therel-
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Figure 4.3: Illustration of use of vector angle to order points correctly.

atively high numberof contourpointsgeneratedin the imageprocessingstageof this

projectsupportsoperationof this algorithmandallows this techniqueto beextended

to work on modelswhich do not consistof simplegeometricshapes.this approach

will not producea correctresultwhenfacedwith multiple contourssuchasseparate

objectsor thosewith holes.

4.2 Polyhedral Visual Hull algorithm.

ThePolyhedralVisualHull (PVH) algorithmdevelopedby Matusiket al (17) takesas

input asetof contour-representingpolygonsfrom anumberof calibratedcamerasand

usestheseto build apolyhedralrepresentationof thevisualhull. A termusedthrough-

out thetext hereis ’coneface’.This representsthetriangleformedby acameracentre

andlinesextrapolatedfrom thecentrethroughtwo imagepointsin thesilhouettecon-

tour andbeyond. A silhoueteconeis composedof adjacentconefaces. The initial

phaseof constructionof theperspectiveversionof thevisualhull is to defineasilhou-

etteconeof pointswith apex at the cameracentreandedgesprojectedbackthrough

eachpoint in thepolygonalrepresentationof thesilhouette,thusdefiningapolyhedral

cone-likeobject.As notedbefore,eachconeis guaranteedto containtheobjectbeing

imagedasa silhouette.Extractionof thevisualhull is thenachievedby calculationof
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Figure 4.4: Local concavity causes the erroneous selection of point 5

thepolyhedronformedby theintersectionof all thepolyhedralsilhouettecones.Each

adjacentpairof pointsin thesilhouettecontourwill containthefacesof thevisualhull.

That is, facesof thevisualhull areconstrainedto lie on theconefacesof theoriginal

silhouettes.This fact suggestsa methodto computethe cone-coneintersections:for

eachconefacein turn in a silhouette,calculateits intersectionwith eachothercone,

thenfor eachof theseresultscalculatetheintersectionwithin eachconeface.Thiswill

defineeachfaceof thevisualhull. As thecalculationof theintersectionof polyhedral

conesis in 3D thuscomputationallyexpensive, the algorithmproposesto reducethe

calculationinto 2D by employing featuresof epipolargeometry. This reductionuses

thefact thateachconefaceis definedby a 2D silhouettein cross-section.Thusinter-

sectionin 2D canbeachievedby projectinga conefacethroughsilhouetteA ontothe

imageplaneof silhouetteB andsotheconefacewill lie acrossthesilhouettein B. This

polygon-polygonintersectioncanbecalculatedmuchmorereadilyandefficiently be-

foretheresultis projectedbackontotheconefacein 3D. Thealgorithmcanbedivided

into threesections:

1. creationof datastructuresoptimisedfor 2D intersectioncalculation.

2. intersectionof conesin 2D.

3. calculationof thevisualhull faces.
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4.2.1 Optimised Data Structures.

Thecalculationof 3D intersectionof intricatemultiple instancesof distinctpolyhedra

with eachotheris computationallyintensive. Whenthesystememploying thesecal-

culationsis to have the capacityto extendits utility into having temporalconstraints

put on its operation,expensive computationshouldbe minimised. To this end, the

PVH algorithmpreprocesseseachinput imageinto edgeintersectionreservoirs to take

maximumadvantageof epipolargeometryin describinga2D scenefrom its 3D origin.

Theepipolarconstraintis usedin two ways:

� all pointson imageplaneA, whenprojectedontoimageplaneB will projectto

an epipolarpencil in imageplaneB. This allows eachepipolarline in B (and

thuseachpoint in A) to beparameterisedin termsof thegradientthateachline

in thepencilmakeswith the tip of thepencil, theepipole. The line gradientis

henceforthcalledα.

� projectionof a3D polyhedralconein spaceto a flat epipolarpencil in animage

planeimmediatelyreducesthedomainfrom threeto two dimensions.This will

simplify constructionof thedatastructuresandimprove performanceincurring

only thecostof recoveringthethird dimensionat a laterstage.

Datastructurescallededge-binsareconstructedwhich make useof theseproperties.

Theprocessis describedusinga projectedconefrom theimagein A anda silhouette

contourin imageplaneB (figure4.5a).To fully understandthealgorithm,oneshould

appreciatehow thetwo structuresin A andB interlink.

Firstly the epipolarprojectionpoint of cameraA’s centreis computedon image

planeB. Thenthecontourpointsin silhouetteB areorderedagainstthe α valuethat

eachpoint makeswith A’s epipole. This createsa list of silhouettepointsorderedby

α. Note that adjacentpoints in the list do not have to be physicallyadjacentin the

contour. Although not madeexplicit in the algorithmasreportedin (17), the list of

pointsorderedby α mustbeableto index into the list of pointsorderedcyclically to

ascertainwhich points in the cyclic list precedeand follow the currentpoint in the

α list. An edgebin is definedby the two lines from epipoleA associatedwith two
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Figure 4.5: Silhouette contour and silhouette cone

adjacentpointsin thealphalist. Eachbin hasgradientαst andαend at its boundaries

(figure4.5b).

Along with anαst andαend value,eachbin hasa setof polygonedgesassociated

with it. Thesetof edgesis definedby thelist of all silhouetteedgeswhich lie between

αst andαend. Notethateachsilhouettevertex definesaboundonabin andthegenesis

point for two edges.Thelist of edgesin eachbin is createdby traversingthelist of α
orderedverticesfrom eitherthevertex with lowestα to thatwith highestα, or vice-

versa.For illustrationconsiderconstructionof thefirst andsecondbinsin figure4.6a

traversingverticesin thedirectionof increasingα (from v1 to v5). For bin 1, its lower

boundaryαst is the α correspondingto the first vertex in the α-orderedlist (v1). At

thisvertex, two edgesbegin (e1ande5)sobothareaddedto thebin’slist of edges.Bin

1 endsat thenext vertex in the list (v2), which definesαend for bin 1. Note thatαend

for bin 1 is αst for bin 2. This is thefirst manifestationof optimisationin theprocess:

during bin construction,α valuescorrespondingto bin boundariesdo not needto be

searchedfor. After constructionof theinitial bin, to createthelist of edgesto beadded
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Figure 4.6: Points ordered by α are not necessarily adjacent in the contour.

to subsequentbinstherulesof asubsidiaryalgorithmarefollowed:

for eachnew Bini

getαst

if otherendpointα + αst

addedge

else continue

getedgelist for Bini � 1

for eachedgein Bini � 1 notassociatedwith αst

addedgeto Bini

Thelist of edgesin theprecedingbin arecarriedoverduringselection.Definethe

vertex found at the startof the new bin as the ’current point’. Eachedgefrom the

previousbin hastheα valueof its endpointsexaminedandthosethatdo not have an

endpointwith anα valuethesameasthecurrentpointareaddedto thelist for thenew

bin. Next theindex into thecyclically orderedlist is usedto ascertaintheα valuesof

theendpointsof thoseedgeswhich emanatefrom thecurrentpoint in thecontourlist

(v1 andv3). If theendpointα valueis higherthanor equalto thatof thecurrentpoint,

thatedgeis addedto thelist for thenew bin. Otherwiseit is notadded.Following this

setof rules,theedgelist for bin 2 is constructed(ase1ande4) from theedgesin bin
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Figure 4.7: Simple construction of edge-bins

Table 4.1: Edge-Bins and contents for Figure 4-6a

Bin 1 Bin 2 Bin 3 Bin4

e1,e5 e1,e4 e1,e3 e1,e2

1 andthecharacteristicsof theedgeendpointsassociatedwith bin 2’s αst point. The

sameedgelist selectionalgorithmgovernsconstructionof subsequentbins.Table4.6c

showsthefinal edgebinsfor thefigurein 4.6a.

Notethatfor constructionof binsin orderof progressively decreasingα, thesense

of inequalitytestsshouldbereversed.Thechoiceof traversaldirectionis arbitraryat

thetime of implementation.Figure4.6d-fshow somemorecomplex situationswhich

influencedtheparticularform of thealgorithmasimplementedin this project.Figure

4.6dshowsacasewherealocalconcavity occursatv2. If constructionof bin A begins

at v1 thentheselectionalgorithmcarriesover andaddsedgee1. Edgese2ande3are

associatedwith v1 andasboth their endpointshave highera thanv1, both edgesare

added.Constructionof bin B beginsat v2. Edgese1,e2ande3arecarriedover from

bin A andsinceedgese1 ande2 areassociatedwith v2 they arenot consideredby

this part of the algorithm. e3 is addedto the list. The secondloop in the algorithm

examinese1ande2(asassociatesof v2). Theendpointsof bothedgeshave lower α
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Figure 4.8: Edge-Bin construction around local concavity

thanv2 soneitheris added.

Figure4.6eshows a casewheretwo verticeshave exactly thesameα. The lower

bin is definedasendingat the next α point in the list. This point may be v1 or v2,

determinedby theorderthepointswereencounteredin thecyclically orderedlist dur-

ing sortingby α. In eithercase,thesameselectionrulesapplyandedgesareadded,

deletedor carriedover in thesameway. At thebin boundaryaninfinitely narrow bin

is createdwith αst = αend.

Figure4.6f shows the edge-binconstructionprocesswherea conefacestraddles

severalbins. This exampleis discussedfurther in the following sectionasit leadsto

therequirementof a furtherprocessingstep.A final smalloptimisationis madein the

constructionof thebins. This seestheedgesin eachbin orderedby thedistancethat

eachedgeis from theprojectedepipole. The reasonfor this orderingis it allows the

intersectioncalculationto proceedmoreeasily, asexplainedin thefollowing section.

With edge-binsconstrainedby theprojectedapex of coneA andsilhouetteverticesin

B it canbeappreciatedthatany line formingpartof theconeA in 3D will projectonto
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v1
v2 infinitely 

thin bin

Figure 4.9: Edge-Bin construction where two vertices have exactly the same α

imageplaneB asanepipolarline which will fall within theboundsof oneof thebins

just constructed.Thusintersectioncanproceedby calculatingthe intersectionof the

projectedconelineswith theedgesin thebin within which theline falls.

4.2.2 Inter section of Cones.

Justasconstructionof edge-binsusesapairwiseboudarydefinitionin inception,sothe

intersectioncalculationconsidersapairof pointsata time. Thisstageof thealgorithm

operatesby calculatingtheintersectionof eachprojectedconefacefrom coneA with

the edgesin the edge-binsin B (figure 4.6f). A conefaceprojectsonto B defining

two epipolarlines with associateda valuesthat they make with the epipole,α1 and

α2. To calculatethe intersectionof the conefacewith the silhouette,the bin within

whoseboundsα1 lies, is found. Theintersectionbetweentheline with α1 andall the

edgesin the bin is computedandthe pointsobtainedusedto initialise a setof inter-

sectionpolygons. At this point, the reasonthat bin edgeswereorderedby distance

from theepipolebecomesclearin that the intersectionpointswill becalculatedin an

order which allows the points to be specifiedin a cyclical order, producingconvex

polygons.Examinationof figure4.6f shows thatonly triangularor quadrilateralpoly-
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Figure 4.10: Edge-Bin construction where a cone face straddles several bins
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gonsareproducedat this stage.This meansthat eachpolygonis constructedin two

stages:the points(or point) which initialise eachpolygon,andthe points(or point)

whichcloseit. Thepointswhich initialiseapolygonarecomputedin orderof distance

from theepipole,andto ensurethatclosureof thepolygondefinesaconvex shape,the

closingpointsareaddedoneto thefront of thelist of pointsandoneto theback.With

the intersectionpolygonconstructionunderway, binsaretraversedin thedirectionof

thesecondconefaceline, α2. If α2 lies outwith thecurrentbin, thenthe intersection

pointscreatedfrom theintersectionof theupperbin boundwith its edgesareaddedto

the intersectionpolygons.In this mannerconstructioncontinuesacrossbinsuntil the

bin whosefurtherextent lies beyondα2 is reached.Thentheconefaceupperbound,

α2, is intersectedwith theedgesin thecurrentbin to form thepointswhich complete

the intersectionpolygonsfor that coneface. With the intersectionof the coneface

calculated,the processis repeatedfor the adjoiningconeface. This explainsthe ne-

cessityof pre-orderingthepointscyclically immediatelyfollowing imageprocessing.

This meansthat the next conefacechosenlies immediatelyadjacentto the last one,

which meansthatα2 for thepreviousconeis α1 for thenew conesoa searchfor the

new line locationin thebinshasbeenavoided. The initial intersectionpointsfor this

new bin’spolygonsarealsoknown asthey arethesameasthosewhich closedthelast

bin. This processis continuedfor eachfacein theconeresultingin a setof intersec-

tion polygonsfor theintersectionbetweenoneconeandthesilhouetteof another. The

examplein Figure4.6f shows thecreationof four intersectionpolygonsfor onecone

face. Sinceeachconegetsintersectedwith eachotherconein the overall operation

of thealgorithm,anindividual conefacetakespart in oneintersectionfor eachof the

other views in the setupand thereforethat numberof setsof intersectionpolygons

is producedfor eachconefacefrom this stageof the process.In orderto prime the

setsof intersectionpolygonsfor intersectionbetweenconefacesets,it is necessaryto

amalgamatethemembersof eachset.It wasproposedto employ a clipping algorithm

suitablefor calculationof boththeunionandintersectionof setsof arbitrarypolygons.

A library in C calledtheGenericPolygonClipping library (10) wasusedfor this pur-

pose.Thelibrary usesthegenericsolutionto polygonclippingalgorithmdevelopedby

Vatti (15). This is arobustalgorithmwhichallowsconvex, concaveor self-intersecting
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polygonsto beclippedwith goodefficiency. In thealgorithm,onepolygon(thesub-

ject) is clippedagainstanother(theclip). A polygonis definedby a setof left anda

setof right bounds.Boundsbegin at a local minimum andendat a local maximum.

Subjectandclip polygonsaretraversedonceto specify the bounds.Eachedgeof a

boundis assignedaflagdependingonwhetherit is aclip or subjectedge.Next asetof

horizontallinesis definedwith onepassingthrougheachvertex in subjectandclip so

thatadjacentpairsof linesdefinea horizontalstrip. All theedgesin a strip areadded

to a lookuptableafterbeingorderedby increasingx coordinateat thebaseof thestrip.

Left andright boundverticesareclassifiedasthosewhich startor enda boundwhile

intermediateverticesdonot. Verticesarefurtherclassifiedaccordingto whichclipping

operationhasbeenspecified.With this setup,horizontalstripsaretraversedvertically

andintersectionsbetweenedgesin eachstrip areevaluatedandassignedto theoutput

relative to theclippingoperation(15). Thusfar, for asingleconeonconeintersection,

the algorithmproducesonesetof amalgamatedintersectionpolygonsfor eachcone

face. To calculatethe final visual hull requiresthe pairwiseintersetionof eachcone

with eachothercone,so for example,for a four-camerasetupthe numberof combi-

nationsof cone-coneintersectionsis twelve. For n camerasthis figure is n � �
n 
 1�

intersections.Thuseachconegetsintersectedwith (n-1) othersandby theendof the

overall calculations,eachconefacewill contain(n-1) setsof intersectionpolygons.

Eachof the(n-1) setsmustberesolvedto createthefinal facesof thevisualhull. This

is what theremainderof thealgorithmis concernedwith. Theoperationof themain

algorithmcanbespecifiedasfollows:

for eachcone

extractcontour

for eachothercone

makeedge-binset(seefigure4.6b)

for eachconeface

2D intersectwith edgebins

union of intersectionpolygons

back-project

intersect3D
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4.3 Calculating Visual Hull Faces.

The final stageof the processcanbe split into two parts: the first is concernedwith

recovering3D informationfromtheprojectedconefaceintersectionsin 2D; thesecond

with resolvingthecontributionthateachsetof (n-1)polygonsmakestowardseachfinal

visualhull face.

4.3.1 Recovery to 3D.

In order to computethe final visual hull faces,intersectionpolygonsmust first be

projectedbackonto the representationof the conefacein 3D to which they belong.

The processof back projectioninvolvesspecifyinga 3D planarrepresentationof a

conefacefor theprojectedcone,thencastingraysfrom thesilhouetteview’s camera

centrethrougheachpoint on the intersectionpolygon formed within the projection

of the coneface. Knowledgeof the projectionmatrix gainedearlier in the pipeline

is usedin this process.The rayscastthusin 3D will projectbackonto the 3D cone

face,wherethe intersectionof ray andplanecanbeobtained.To calculatetheplanar

representationof aconeface,threepointsin 3D mustbespecified.Thefirst is obtained

from thevaluefor thecameracentre,which is obtainedfrom theextrinsic translation

componentrecoveredduringcalibration.Theothertwo pointsof theplanecomefrom

thetwo imageplanesilhouettecontourpointsandthereverseof theprojectionmatrix

which definedthoseimagepoints. As discussedin chaptertwo, world points can

not be obtaineddirectly from the operationof the inverseprojectionmatrix on the

imagepointsit describes,but thedirectionin which a world point lies maybegained.

Calculationof the intersectionof eachdirectional indicator (line) with the planeat

infinity definesa world point. The cameracentre,the two pointsat infinity andthe

conefaceareall coplanarandso it is a caseof obtainingthecoefficientsof theplane

equationthroughapplicationof linear algebrato the coordinatesof the threepoints.

To obtainthelocationof a ray projectedthroughanimagepoint to whereit meetsthe

planeat infinity, aportionof theprojectionmatrix is used.Writing

P ��� M � p4 �
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whereM is thefirst 3 x 3 submatrixof PwhichrepresentstheproductKR (internal

calibrationandrotation),thecameracentreis givenby

C � 
 M � 1p4

andanimagepoint backprojectedto apoint at infinity, D, is givenby

D � �,�
M � 1x � T � 0� T

Thedefinitionof eachback-projectedray is achievedin thesamemanner, this time

usingthe projectionmatrix for the cameraimagingthe silhouettewhich definedthe

intersectionpolygonsandthe verticesof the polygonson the imageplane. Camera

centreandpoint at infinity describetheparametricrepresentationof a line in 3-space.

Algebraiccombinationof conefaceplanecoefficientsandparametricequationsallows

theparameter’t’ to besolvedwhichthendefinestheintersectionof rayandfacein 3D.

4.3.2 Inter section in 3D.

With (n-1)setsof intersectionpolygonsrecoveredin 3D,all thatremainsis to compute

theintersectionof thesets.Again theintersectioncalculationcanbereducedfrom 3D

to 2D asall setsof polygonsfor aconefacelie in theplaneof thatconeface.With this

observation, the methodemployed to obtainthe intersectionsis to first calculatethe

normalvectorto theconeface.This is donesoasto discoverin whichEuclideanplane

to carryout theintersection.To achieve this, theabsolutevaluesof thenormalvector

componentsareexaminedandthelargestvaluedroppedleaving theplanein which to

calculateintersection.This works becausethe largestnormalvectorcomponentwill

lie furthestfrom theplanemostcloselyorientedto theconefaceplane.This method

avoidscasessuchastrying to intersectin thex-z plane,for polygonslying in avertical

coneface.Intersectionin xy or xz or yz is thencarriedout usingtheGenericPolygon

Clipping library andthenthedroppedparameteris recoveredby interpolationbetween

theothertwo parametersusingthecoefficientsof theconefaceplaneequation.This

processis repeatedfor eachconeface in eachconeand the resultingintersections

constitutethefinal visualhull faces.Thismarkstheendof thepipelinewherebyit has

beenexplainedhow polyhedralmodelsmaybereconstructedfrom setsof images.The

following sectiondiscussesdetailsspecificto theimplementationstructure.
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4.4 Program Structure .

As statedin chapterthree,thelanguageusedin themainimplementationis C++. Basic

structurefor theprogramcomponentshasall extraneousheadercomponentsandclass

declarationsin a singlereferenceheaderfile. Thefunctionalityof classeswith related

behaviour is definedin threemainutility files,while arelativelycompactmainfunction

coordinatesthe partsinto a whole. A basicdesignconsiderationin object oriented

programmingis to representall thenounsin thedescriptionof theproblemasclasses,

while theverbswill likely correspondto majorfunctions.A descriptionof thepipeline

presentedheremight take the following form: ”extract silhouettecontoursfrom the

input imagesandrepresenteachasa silhouetteconeof conefaces. Constructa set

of edge-binscomposedof bins of edgesfor intersectionin 2D. Intersectall pairsof

conesto produceintersectionpolygons.Backprojectandintersectin 3D.” Perusalof

theclassdescriptionswhich follow will show thatmostnounsandverbsin theabove

desriptionarerepresentedin abbreviatedform by classesandmemberfunctions.The

behaviour of theclassesis designedto reflectthesemeanings.

4.4.1 Description of Classes.

Theexceptionto theaboveruleis thespecificationof thetwo classes,vec4andmat4x4,

designedto representthebehaviour andfunctionalityrequiredof 4 � 1 columnvectors

and4 matricesrespectively. In theabsenceof abstractbaseclassesin theimplementa-

tion, thesetwo classesrepresentthemostbasicobjectswhich all otherclassesutilise

exhaustively throughouttheoperationof theprogram.Functionsin theseclassesform

thebasictoolsfor thesystem.

4.4.1.1 mat4x4 class.

Themat4x4classis usedto describeall matricespresentedin this report,calibration

K, projectionP, essentialE, fundamentalF, rotationR, andtranslationT. Therankof

matrix theclassrepresentsreflectsthemaximumrankof matrix requiredfor transfor-

mationsin 3D homogeneouscoordinates.Wherematricesof lower rank arecreated,

thespareelementscansimply besetto zero.Floatingpoint precisionin theelements
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representsa compromisebetweenaccuracy andmemoryefficiency. Severalbasicma-

trix operationsare defined. Matrix multiplication andaddition are definedasover-

loadedoperatorfunctionsalongwith the vectorresultof theproductof a matrix and

a vector. Orthogonalrotationis definedin rot x(), rot y() androt z() andtranslation

in trans().The transposeof a matrix is takenwith transpose()andrepresentationasa

skew-symmetricmatrixwith skew(). More specialisedmatrix functionsare:

� read()locatesanasciifile representationof sixteenfloatingpoint numbers.The

functionreadsthevaluesinto elementsof amatrix.

� projection()calculatestheprojectionmatrix for a particularcamera.The func-

tion obtainsthecalibrationmatrix andtherotation/translationtransformmatrix

via callsto read()andthencomputestheproductof thetwo.

� essential()specifiesthe attemptto computethe essentialmatrix betweentwo

camerasfrom theproduct � T �'� R. To calculate� T ��� , thetranslationbetweenthe

two cameracoordinatesystemorigins is evaluated. The skew-symmetricrep-

resentationof the resultingthree-componentvector is obtainedwith a call to

skew(). Next the relative rotationbetweencamerasystemsis calculatedfrom

the camera’s positionsin world space. The matricesrepresentingthe world

transformfor both cameras(RT productmatricesconstructedfrom the extrin-

sic parameters)areread. Only theupper3 � 3 submatricesof thesetransforms

representtherotationcomponentsothetranslationalelementsaresetto zero.To

obtaintherelative rotation,the inverse()of oneof thematricesis obtained(see

inversefunction)andtheproductof thisinverseandtheothermatrixis evaluated.

Theresultdescribesrelative rotationbetweenthetwo systems.

� fundamental()usestherelationF � K �-� T EK � 1 describedin chaptertwo to cal-

culateF betweentwo camerasfrom thecalibrationmatricesfor thecamerasand

theessentialmatrix. This involvesreadingin calibrationmatriceswhich arein-

versedandoneinverseis alsotransposed.theproductof thetwo andtheessential

matrixdescribesF for thetwo views.

� inverse()incorporatestwo numericaltechniquestaken from (16). Calculating
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theinverseinvolvesdecomposingthematrix into loweranduppertriangularma-

trices(LU decompositiondoneby thefunctionludcmp())whichdefineasystem

of equationssolvableby forwardandbacksubstitution(in thefunctionlubksb()).

Theinverse()functionprocessesthematrix columnby columnusingits LU de-

compositionpassedto thelubksb()function.

4.4.1.2 vec4 class.

The vec4classis the abstractionof a 4 � 1 columnvectorand is usedprimarily to

representhomogeneouspointsin 3-space.Thusthemembersarefloatingpoint fields

x, y, z, w. As for matricesof lower rank in the mat4x4class,vectorswith lesscom-

ponentsarestill createdasobjectsof thevec4classwith redundantcomponentsbeing

zeroed.In otherpartsof theprogramimagepoint (homogeneousor otherwise)usethe

classwith thesparecomponentsbeingusedto carryflagsandidentifiers.Basicvector

operationsaredefinedafter constructorand initialiser functions. length()calculates

the lengthof thevectorby Pythagorasandnorm()normalisesthevector. cross()cal-

culatesthecross-productandvecIntAngle()calculatestheanglebetweentwo vectors.

getDist()calculatesthedistancebetweentwo vectorendpoints.vPrint()printsavector

to stdoutalongwith a string. Variousoperatorsareoverloadedto allow addition,sub-

tractionandthedot-productof vectorsandbetweenvectorsandmatrices.The more

specialisedvectorfunctionsare:

� intersectEdgeLine()takesa2D polygonedgerepresentedby two endpoints,and

thecoefficientsof a 2D line in slopeintersectform asinput. Theslopeintersect

form of theline betweentheedgeendpointsis computedthenthecross-product

betweenthe two lines is calculatedwith a call to getLineIntersect().Theresult

is avec4representingthepointof intersection.

� quicksort()andpartition()aretheimplementationof theefficientquicksortalgo-

rithm for sortinganunorderedlist. Thefunctionis implementedto sorta list of

vectorsby oneof thevectorcomponents.While thelist is unordered,thequick-

sort() function recursively calls itself to work on two partsof the list, with the

split pointbasedonthevaluereturnedby thepartition()function.Thepartition()
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functionalsodoesthephysicalswappingof elementsin thelist.

� camCoords()calculatesthecoordinatesof aworld point in thecameracoordinate

frameby readinganRT productmatrix from afile andreturningthevectorresult

of theproductof this matrixandthevectorrepresentationof theworld point.

� imgCoords()doesthesameascamCoords()with theadditionaloperationof the

calibrationmatrix for thatcamerato yield thehomogeneous(u, v 1) imagepoint

representationof aworld point.

� getCentre()computesthe location of the centreof projectionof a camerain

world coordinatesfrom its extrinsic parameters.The RT matrix is readin and

theupper3 � 3 submatrixrepresentaingrotationis extractedandits inversecom-

puted.Theproductof this inverseandtheoriginal RT matrix resultsin a 4 � 4

matrixequalto theidentitymatrixexceptfor theupperthreeelementsin thefinal

columnwhichcontainthevaluesfor thecameracentreposition.Theseelements

arewritten to avectorandthis resultreturned.

� getTcamAB() calculatesthe translationbetweentwo cameracentresin world

coordinatesasavectorfrom thedifferencebetweenthecameracentres.

� exactImgPts()is a functionwhich usestheactualmodeldatato calculatewhere

known world pointsprojectto a camerasimageplanefor its projectionmatrix.

This is usedto obtainpoint correspondencesin the absenceof accuratevalues

for F. Thesepointsareintroducedinto theStructureandMotion library (14) to

obtainaccurateversionof F.

Six classesare definedto representthe behaviour and functionality requiredto

modeledgebin construction,intersectionin 2D andcalculationof visual hull faces

that form thestagesof thePVH algorithm. TheclassesareEdge,EdgePair, Polygon,

Bin, EdgeBinSetandConeFace.

4.4.1.3 Edge class.

Thisclassis asimpleclassdesignedto representanedgein 2D or 3D. It consistsof the

projectedvectorrepresentationof two endpoints,a constructorandaccessorfunctions
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to initialise/ updateandretrieve thememberfields.

4.4.1.4 EdgePair class.

EdgePair classinheritsall functionality from classEdge.An EdgePair objectholdsa

pairof Edgeobjectswhicharethosetwo edgeswhichmeetattheverticesin thesilhou-

ettecontour. Specificationof this classof objectallows accessto adjacentendpoints

in thelist of cyclically orderedpointsduringconstructionof theedge-bins.Theclass

consistsof two protectedEdgefields,a constructorandaccessorfunctions.

4.4.1.5 Polygon class.

The Polygonclassmimics an arbitrarysizedpolygonasa list of points(asvec4ob-

jects). Functionalityis built into the classso that a polygonmay be initialised in a

completedform or constructedprogressively. In orderto achieve this, objectsof the

classarerepresentedby an extensibletemplateclassdequeobjectfrom theStandard

TemplateLibrary. Also specifiedarea constructorandvariousaccessorfunctionsto

initialise,enlargeandprobetheinternalstateof theobject.

4.4.1.6 Bin class.

TheBin classrepresentsanedgebin definedby two α (2D line gradient)values,α1 and

α2 for thestartandendboundsof thebin, andanextensiblelist of Edgeobjectsheld

asatemplateclassvectorobject.EachBin objecthasaninternalmechanismtriggered

externallyon completionof bin constructionwhich orderstheEdgeobjectsin thebin

by increasingdistancefrom theprojectedconeepipole.Theresultis a pointerto a list

of Edgeobjects.

4.4.1.7 EdgeBinSet class.

ClassEdgeBinSetdefinesthe behaviour requiredto constructa setof edge-binsfor

eachsilhouetteandalsoto performthe constructionof the 2D intersectionpolygons

thatresultfrom eachcone-silhouetteintersection.Theclassinheritsfrom theBin class

andconsistsof severalprotectedmemberfieldswhichareassignedvaluesvia accessor
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functionsandthreemainclassfunctions.Thosefunctionsorderasilhouette’spointsby

thealphavalues(orderPointByAlpha()),constructa setof edge-bins(makeEdgeBin-

Set())andcomputeacone-silhouetteintersection(ConeSilhtIntersect()).Thefunction

OrderPointsByAlpha()is calledat an early stagein the makeEdgeBinSet()function.

Eachpoint in the cyclic list for the silhouetteandthe projectedepipoleform a line.

Thegradient(alpha)of this line is calculatedandassignedto the’w’ field in thevec4

representationof thepoint. Whenall pointsaretreatedthus,thewholelist of pointsis

sortedby their alphavaluesvia a call to quicksort().ThemakeEdgeBinSet()function

beginsby initialising aprotectedclassmemberfield calledvWSwhichholdsthevalue

for thecamera’s centrewhich is responsiblefor thesilhouettebeingusedto construct

a setof edgebins. Next the numberof Bin objectsis specifiedbasedon the number

of points in the silhouette. The silhouettepoints areorderedby alphaasexplained

above. A shortroutinethencreatesanEdgePair objectfor eachpointsoasto associate

the two edgeswhich emanatefrom thatpoint in thecyclic list with eachpoint in the

alphasortedlist. This allows the immediateexaminationof the alphavaluesfor the

oppositeendpointsof eachalphapoint’sassociatededgesin thecontour. As explained

earlierin thechapter, edge-binsareconstructedin orderof alphavaluesfor pointsin

the alphalist using the algorithm in figure 4.6 to govern edgeselectioncriteria for

eachbin. Thesetof binscreatedandthealphaorderedlist initialiseprotectedfieldsof

theEdgeBinSetobjectalongwith integerfields to specifytheextentsof thosefields.

TheConeSilhtIntersect()functioncalculatesintersectionpolygonsin 2D, conefaceby

conefacefor eachcone.An orderlysetof eventsoccursfor eachcall of this function:

asetof intersectionpolygonsis definedfor eachconeface;theamalgamationof these

polygonsis obtained;the result is projectedbackonto the 3D coneface. The latter

two eventsarespecificto eachindividual conefaceandsothefunctionswhich cause

theseactivities areheld in the ConeFaceclass. To performthe intersection,the par-

ticular silhouetteconeobjectandsetof edge-binsareretrieved. Thefirst conefaceis

locatedwithin thesetof binsby testingbin boundsalphavaluesto seeif theconeface

lower boundfalls betweenthebin bounds.Whenthecorrectbin is foundintersection

proceedsby traversingbinsin thedirectionof theupperconefacebound,constructing

polygonsonthewayasdescribedin thediscussionearlierin thechapteronintersection
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polygonconstruction.As discussed,to build eachpolygontheedgeswhich initiate it

areaddedin orderof occurrenceandpointswhich closea polygonareaddedbefore

andafter the first two points. Linesusedto form the intersectionpointsareselected

basedon whethera bin boundor a conefaceboundwill be encounterednext in the

progressingconstruction.Whena setof polygonshasbeenbuilt for eachface,theset

is unionedandtheunionsetis back-projected(bothConeFacefunctions).

4.4.1.8 ConeFace class.

TheConeFaceclasscontainstheparametersanddescribesthebehaviour of eachsil-

houetteconeface. EachConeFaceobject is describedby the line equation,slopeof

eachbound,andimagepointsresponsiblefor theface.Furtherprotectedfieldsconsist

of atemporarystorefor eachsetof intersectionpolygonsspecifiedasavectortemplate,

avaluefor theworld coordinateplanelying closestto thenormalto theconeface,and

the coefficientsof the planeequationthat representsthe face. The latter two pieces

of informationareusedin back-projectingpointscalculatingintersectionsin a plane

in 3D. Besidesaccessorfunctionsaffording an interfaceto the protectedmembers,

the two main classfunctionsare the function to amalgamateintersectionpolygons,

getUnionOfBinPolys(),andthefunctionto projectpolygonsbackto the3D coneface,

backProject().ThegetUnionOfBinPolys()functionis calledfrom within theConeSil-

htIntersect()functiononcompletionof thecreationof intersectionpolygonsfor acone

face.ThefunctionutilisestheGenericPolygonClipping library (10) by loopingover

eachpolygon. The first andsecondpolygonsareclippedwith theUNION operation

and the result is thenclippedwith the next polygon in the loop. In this manneran

overallunionof all polygonsin thatconefaceis produced.ThebackProject()function

calculatestheequationof theplanecoefficientsrepresentinga conefaceby obtaining

threeworld pointson the coneface,asdescribedearlierin thechapter. Onepoint is

thecone(camera)centreheld in thevWC field for theobjectrepresentingthesilhou-

ettecone(seebelow). Theothertwo pointsarewhereback-projectedraysthroughthe

imagepointsdefiningthe facemeettheplaneat infinity. The parametricrepresenta-

tion of a ray througheachintersectionpolygonpoint is obtainedin thesamemanner.

Theparameter’t’ is thencalculatedandsubstitutedinto theline equationsto definea
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point in 3-space.Thesepointsarewritten out to a temporaryfile createdat thecall to

ConeSilhtIntersect().

4.4.1.9 SilhtCone class.

A singleclassis usedto carryout the functionsinvolved in imageprocessingthe in-

put imagesanddefiningthebehaviour of a silhouetteconeproducedthus.Thewhole

imageprocessingsectionof the pipelineis achieved usingonefunction in the class,

getSilht(). A call to this functioncausesa singlesequenceof executionwhich results

in theextractionof asilhouettecontour. Thefunctiondrawsheavily on thefunctional-

ity providedby variousVTK classes.Thefirst operationis to allocatethevalueof the

particularcameracentreto aprotectedfield viaacall to thegetCentre()function,with a

parameteridentifying thecamerain thefunctioncall. VTK graphicalinitialisationob-

jectsarethencreatedto allow theimageprocessingobjectsto berendered.Theimage

processingpipelinebeginsby readinganimageinto anobjectof anall-purposereader

classvtkPNMReader. The outputfrom this object is passedto the marchingsquares

algorithm via an objectof classvtkMarchingSquareswherethe imageis contoured

with thespecificationthata singlecontourbeproduced.Thecalculationis forcedby

attachingthemarchingsquaresfilter to a mapperobjectwhich is thenrenderedvia an

actorobject.Thecontourresultproducedis anexhaustive list of point pairsrepresent-

ing isolinesegments.To preparethedatafor inputto thetriangulationprocedure,every

secondpoint is assignedto a list of objectsof classvtkPoints,abasicpoint representa-

tion class.This requiresthata numberof sequentialcallsbackwardthroughtheclass

hierarchyis madein order to accesraw data(VTK is designedto hide suchdetails

from the user). Triangulationanddecimationareperformedby the vtkDelaunay2D

andvtkDecimationclasses.A setof parametersgoverningthebehaviour of operation

of thesealgorithmsis specifiedby a setof valueschosenon thebasisof a command

line parameter. Theoutputfrom decimationis a setof tuplesof four points,represent-

ing acountof thepointsin eachoutput(which is threein thecaseof triangles)andthe

list of pointsitself. Sharedverticesin theoutputmeshrepresentredundantdatain the

final contour. The next part of the function is to make thecontourdatausableto the

restof theprogram.A loop is setto transferthedecimatedoutputin VTK format to
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a formatmoreamenableto the restof theprogram.The transferproceedsby adding

non-duplicatepoints to a vectorobject. Duplication testinginvolvesconstructinga

frequency arraywhich is thesizeof thewholenumberof pointsoutputby decimation.

Eachpoint thatis acceptedhasits identifying locationin thearrayincreasedfrom zero

to one. The testfor acceptanceof a point id that its identifying locationvaluein the

arrayis zero.In thiswayduplicatepointsarediscarded.Thefinal taskof thegetSilht()

function is to seethat the contourpointsareorderedcyclically. This is achieved by

passingtheoutputpointsto thesubsidiaryfunction,orderPointsCyclically().As dis-

cussedearlierin thechapter, cyclical orderingof pointsis achievedby testinga point

againstall active points in the list by relative distancefrom the currentpoint. The

nearestpoint is addedto thelist to front or reardependingonthevectoranglebetween

the current/next andcurrent/previouspoint pairs. A further constrainton additionof

pointsis that thedistancecalculatedis above a certainthresholdvalue.This excludes

pointswhich aretoo closelyspacedon the contour. The final list of points is in the

form of a vector. Thelist formsa protectedfield in theSilhtConeclasswhich in turn

specifiesthe sizeof a protectedinteger field. At the endof constructionof the list,

thesizeof thisvariableis usedto allocateachunkof memorywhichholdsasequence

of ConeFaceobjects.In this mannertheclassis usedto representthesilhouettecon-

tourandsilhouetteconegleanedfrom theinput image.Accessorfunctionsallow other

partsof theprogramto obtaininformationabouttheclassmembers.Thefirst capacity

in which conebehaviour is requiredis in the function projectCone().This function

is calledearly on in 2D intersectionin ConeSilhtIntersection()andhasthe effect of

projectinga 3D silhouetteconeontoa 2D imageplane. This is doneby the function

takingeachof theorderedsilhouettepointsin theclass’s protectedfield ’cycPts’and

calculatingthe line producedfrom the operationof the relevant fundamentalmatrix

on the point. Valuesproducedin this processareusedto initialise memberfields in

eachConeFaceobject in the cone: two vec4objectsrepresentingthe coefficientsof

eachconeboundaryline in line-intersectform, an alphavalueassociatedwith each

line, andthe imagepointsusedto form thecone. After setsof intersectionpolygons

areproducedat eachconeface,thefinal expressionof conebehaviour is exhibited in

thepoly3DIntersect()function. This functioncalculatestheintersectionof thesetsof
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intersectionpolygonsfor all theconefacesin acone.Then � �
n 
 1� fileswhichwere

createdto hold all theamalgamtedintersectionpolygonsfor eachfacearereadinto a

four-dimensionalpointerlist of vec4objectswhich representsthenumberof conesin

onedimensionandthenumberof conefacesfor eachcone,thenumberof polygonsin

eachface,andthenumberof verticesin eachpolygonin theotherthree.With thisdata

structureinitialised,theplaneto do intersectionin is chosenfrom thefield setduring

back-projectionandthesetof polygonsfor eachfaceis sequentiallyintersectedin 2D

usingthe GenericPolygonClipping library. This causeseachvisual hull faceto be

clippedbackinto its final form. As with thepolygonamalgamationstage,intersection

proceedsby thefirst setof intersectionpolygonsbeingclippedagainstthesecondwith

theresultbeingintersectedwith thenext setrevealingthefinal face.Eachfinal faceis

written out to a file in vtk format to enablea constructedpolygonrendererto display

theresults.

4.4.1.10 Main Function.

Themain() functioncoordinatesthe subsidiarypartsof theprogramafter initialising

a setof global variablesbasedon commandline parametersintriduced. A first loop

initialisesa numberof silhouetteconeobjectsas specifiedfrom the commandline.

On completionof this loop a numberof silhouettecontoursresidein memoryand

the dimensionsof lists andmemoryallocationsfor associatedobjectsarespecified.

A secondloop createsn � �
n 
 1� edgebin setsand intersectseachconewith each

silhouette.As describedpreviously, thefunctionsassociatedwith theseactionscauses

setsof amalgamatedback-projectedintersectionpolygonsto beproducedfor eachcone

face.A final loopcallsthe3D intersectionfunctionfor eachconesothatthefinal hull

facesareproduced
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Results.

This chaptergivesdetailsof outputobtainedat eachstagein theoperationof the im-

plementedsystem.Themodelscenesetupsillustratedin figure3.2 form thebasisfor

all theresultspresentedin this section.

5.1 Model Scene and Calibration.

As discussedin chapter3, the testscenesetupsdesignedin VTK gave rise to spatial

datarecordingthe transformationsrelating to eachof the specifiedcameras.These

datawereusedto constraintheaccuracy of thesameparametersrecoveredduringthe

calibrationprocedure.Thevaluesbelow show theresultsobtainedfrom thetestscenes

in theleft handmatrices,andthoseobtainedfrom theCameraCalibrationToolbox in

theright handmatrices.

camera 1

2359

1766

3012

:

2279

1684

3009

camera 2

4046

1766

604

:

3982

1701

623

camera 3


 569

1766

3269

:


 648

1686

3266

camera 4


 2649

1766

1189

:


 2713

1700

1205

53
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5.2 Image Processing.

Resultsachieved from the imageprocessingpipelinearein the form of successfully

contouredanddecimatedoutputimages.Figure5.1aandb shows an examplesetof

input images,thecontoursextractedby themarchingsquaresalgorithmandtheresults

of thedecimationprocedure.Figure5.1c, d ande showsthesilhouettecontourwhich

resultsfrom thepointorderingalgorithmafterdecimation.Figure5.1eshowstheresult

of poorlychosendecimationparameters.

5.3 PVH Algorithm.

Resultsobtainedfrom theoperationof theconstructionof edge-binswerefed through

thepipelineandcone-silhouetteintersectionswerecomputed.Outputproducedafter

amalgamationof intersectionpolygonsis shown in figure5.3.

Back-projectionandintersectionin 3D of the 2D intersectionpolygonsproduces

a list of polygonsin 3D, Thesearethe facesof the final visual hull models. Figure

5.4 shows variousviews of thetwo modelsreconstructedfrom threeandfour camera

views.
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Figure 5.1: Sample images, contours and decimations
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Figure 5.2: Sample decimations and silhouette contours
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Figure 5.3: Silhouette cones and intersection polygons produced by accurate (left) and

inaccurate (right) fundamental matrices



Chapter 5. Results. 58

Figure 5.4: intersection polygons and silhouette cones from 4-camera view.
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Figure 5.5: Different views taken of visual hull models for four cameras (left) and three

cameras (right).
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Figure 5.6: Different views taken of visual hull models for four cameras (left) and three

cameras (right).
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Discussion and Fur ther Work.

6.1 Discussion.

Resultsgainedfrom themodelsceneandcameracalibrationstagesof thepipelineat

first glanceappearto suggestthatparticularlyaccuratevaluesmaybeobtainedthrough

the applicationof the calibrationtoolbox. The valuescorrespondingto the positions

of thecameracentrescomputedin calibrationareaccuratewithin a radiusof approx-

imately 80mm. An 80mmpositionalerror is small comapredto the 4m distanceat

which thecameralies from themodel. However, the imagesin figure5.2bshow the

level of error introducedwhenevensmallerrorssuchastheseareintroducedinto the

calculations.In theabsenceof anothermethodto testtheaccuracy of theelementsin

thecalibrationmatrix, little in theway of conclusionabouttheresultsmaybedrawn.

Thefactthattheelementsrelatingto focal length(K11 andK22) arealmostidenticalfor

a virtual camerawould suggestaccuracy. Thevaluesobtainedfor theprincipalpoint

arealsowell constrained(the imagesizeusedfor the inputs is 600 � 600, therefore

theprincipalpoint is at (300,300)correspondingwell to the(299,299)calculatedby

thetoolbox). Thestageof thepipelinewhich dealswith imageprocessingshows that

thecontourextractionscomputedby themarchingsquaresalgorithmgive anaccurate

representationof theinputsilhouette.Also apparentbetweentheleft andright viewsin

figure5.1candd is thecasethataslight lossin finedetailof thegeometryoccurswhile

thecyclic orderingalgorithmis selectingpoints.To improvethis,asmalloptimisation

61
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couldbeintroducedto retainfeatureverticesbasedonthevectoranglebetweenpoints,

currentlyusedin thealgorithmto maintaincyclic orderingin selectionof initial points

in thepoint set. The resultsin figure5.1eshow the lossof coherencein the contour

which canresult in attemptingto decimateto too large an extent. The setof results

correspondingto valuescomputedfor thefundamentalmatrix in table5.4againshow

minordifferencesbetweenresultsfor thesetsof datafrom thesourcemodelandthose

recoveredusingtheresultsof calibration.However theartefactsapparentin figure5.3

suggestthat significanterror is introducedfrom even minor inaccuraciesin the val-

uesof F used.Resultsshown in figure5.4 representthe final outputof thepipeline.

Subjectiveanalysisof thefigurerevealsa fairly goodoverallapproximationto theini-

tial models,particularlyin themodelsproducedfrom setsof four input images.The

fit is slightly poorerfor the three-cameraviews asexpected,but it is still possibleto

ascertainthe original form of the modelswhich producedthe images. The number

of artefactsin all imagesis fairly pronouncedandfailure to resolve theseissueshas

resultedin the sparsityof representationsproducedandlack of quantitative analysis.

Time taken in resolvingmany of the errorsdiscussedhereandin pinpointingmem-

ory accessviolationsfrom inexperiencewith theimplementationlanguagecontributed

hugelyto this situation. Despitethesefactors,it is possibleto concludethat this ap-

proachto modelreconstructionis capableof producinggoodoverall representations

of the generative models,especiallyusingsetsof imagestaken from four cameras.

Significanterrorscompoundedfrom the combinationof minor errorsin the pipeline

wouldsuggestthataccuraterenderingof modelsvia this techniqueprovesdifficult be-

causetheprocessattemptsto recover informationaboutexactly wheretheobjecthull

is, whenit is alwayssimplerto extractinformationaboutwheretheobjectis not.

6.2 Fur ther Work.

In orderto extendtheproject,it wouldbedesirableto fully remedytheimplementation

so as to obtain good quantitative data. Beyond this, as discussedin chapter3, the

imageextraction processcan be extendedto operateon more complicatedimages.

Adding a robust backgroundsubtractionalgorithmcould seethe systemextendedto
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beingimplementedon a realcamerasetupandby spreadingtheassimilationprocess

to multiple hosts,it would bepossibleto assessthecapabilitiesof thesystemfor the

captureof dynamicsceneswith temporalconstraints.
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