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Abstract

This thesisdetailsthe implementationand investigationof an algorithmto recover
modelsin 3D from setsof 2D images.Recentattentionin this field hasswitchedfrom
investigationsnto staticscenedo dynamicreconstructiorof scenesfor applications
in creatve mediaamdthe biomedicalsectors,with particularattentionon real time
performance.The techniqueby which modelrecovery is achieved hereis the shape-
from-silhouettemethod. Pastwork hasfocussedargely on the voxel basedapproach
to specifyingthe visual hull, wherethis work builds an alternatve representatioiy
recoveringa polyhedralversionof the hull. Theimplementatiorcreatesnodelscenes
in a 3D environment,the imagesfrom which are contouredto extract a silhouette.
The main pipelinethenfollows on from work in (17) by constructingoptimiseddata
structureswhich allow theintersectiongequiredto recover the visual hull to be done
in 2D. Contraryto the voxel basedmethodswhich tendto progressiely care awvay
regions of spacewherethe objectdoesnot lie, the polyhedralmethodratherretains
information aboutwherethe objectis in termsof calculatedintersections. Despite
someproblemswith creatinga robustimplementationsomeprecisionis obtainedin
therecovery of modelstructures.
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Chapter 1
Intr oduction.

Thisthesisdetailswork undertalenin orderto recoverandevaluateathree-dimensional
surfacemodelrepresentationf anarbitraryobject,imagedby a numberof staticand
calibratedcameras.The study of full-scale real time systemswith this goal is rela-
tively new andhasbeengainingmomentumn the lasttenyears.Implementatiorand
evaluationof thesystendescribedereinsitsasa potentialresearchool within alarge
scaleprojectwhich aimsto createinfrastructurefo researchnto modellingof the hu-
manform beingundertalen at EdVecin Edinburgh for usein the creatve mediaand
biomedicalsectors.The techniquemplementecdestablishesn approximatanaximal
containingvolumetric representatiorf the object, the visual hull. The hull is con-
structedby the mathematicalntersectionof a numberof volumeswhich are defined
by the silhouetteof the objectseenfrom variousviewpoints. Thesevolumestake as
input a setof coordinatef silhouettecontourverticesfor a particularcameraview
imageplane,andthecoordinate®f the cameracentreof projection.Raysextrapolated
from the cameracentrethroughthe silhouettecontourimageplanepointsandbeyond
definea generalisegholyhedralconefor thatview which is guaranteedo containthe
object. Intersectionof conesfrom several viewpointsdefinean approximatiorto the
objectasa polyhedralvisualhull. Optimisationamadeto theinput silhouettecontours
areusedto reducehedimensionalityof theintersectiorcalculationgrom threeto two
dimensionsandthusincreasehe performancef the system.Theseoptimisationsuse
propertiesof epipolargeometrywhich describegherelationshipbetweercorrespond-
ing points of interestimagedfrom a multiple-view imaging setup. Orderingof the
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inputimagesis employedasa preprocessingtepsothatthe representationf theim-
agesandepipolarconstrainicanbe combinedto maximiseefficiengy. In thefollowing
sectionghe backgroundyeometrywhich underpingheimplementatioris introduced,
togetherwith a surwey of otherrelevantandprecedentvork in this area. The report
continueswith detailedinstructionsof how the implementatioris achiered, followed

by the resultsobtainedin its operation. Theseinvestigationsare then evaluatedand
discussed.



Chapter 2
Background

The technigueemployedin the implementatiorof the systemdescribedn this work
aredrawn from the discipline of 3D geometry Somespecificresultsfrom this field
are introducedherein orderto highlight their utilisation throughoutthe report. In
particularthedifferentcoordinatesystemsvhichareusedandthematriceswvhichrelate
thesesystemsareintroduced,alongwith an explanationof epipolargeometrywhich
describegherelationshipbetweermultiple viewsin ascene.

2.1 Coordinate systems.

The transformatiorbetweendifferentcoordinatesystemsallows a multiple view 3D
sceneo bedescribedn termsof its componentsWhendealingwith multiple compo-
nentsit is naturalto considedocal descriptionsn termsof thelocal coordinateframe,
which in this caseis a cameras coordinatesystem.Representationf a 3D objectas
a 2D imageis achieved by applicationof a perspectie projection,which mapsa 3D
pointin spaceto a planeapplyingperspectie foreshorteningn the process.Theline
connectinghecameracentreandthepointin spacentersectsacameramageplaneat
apointwith coordinategx,y, f) shovn in figure2.1. This canbewritten as
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camera centre L )
principal point

image plane

Figure 2.1: The Perspective Projection
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wherex andy arecoordinatesn the cameracoordinateframe, f is thefocal lengthof
thecameraand(X,Y,Z, 1) representthe coordinate®f a pointin 3-spacen homoge-
neouscoordinates.

This situationappliesfor orthogonalkoordinateaxeswhereoneaxisis perpendic-
ularto theimageplane. The axisintersecthe imageplaneat the principal point with
coordinateg px, py, f). Themainframeof referencdor thewhole systemis theworld
coordinatesystem. Individual componentselateto one anothervia this systemand
maybedescibedy arotationandatranslatiorrelative to theworld origin (figure2.2).
This maybewritten as

Xa Xg
Yal [R T]| Y
Zn | [ 0" 1 ] Zs

1 1




Chapter 2. Background 5

Figure 2.2: Relation between coordinate systems in world frame.

for ary 2 locationsin spaceA andB. R is a 3 x 3 compoundrotationmatrix and T
representghetranslation.This maybeabbreiatedto

= [RIT]Xw

Dueto thefactthatpixel coordinatesaredefinedwith thetop left of the screemasthe
origin, athird systenrelatescameracoordinate$o theimageplane.Imagecoordinates
(u,v) canbedefinedin termsof world andcamergpoints

(XaY’ Z) = (fTX + an fTY + py)T

whereu = X + Px, V =Y 4 p,. This canbeexpresseds
A z TPy
X X
v fX 4+ Zpx f 0 pc O v
. <~ | fY+Zpy, [=]0 f p, O .
z 00 10
1 1
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where
10 5]
K=10 f py
{0 0 1‘

is calledthe cameracalibrationmatrix and containsparametersvhich map between
imagepointsandraysin world space. Concatenatinghe relationshipsdefiningthe

threedifferentsystemst is possibleto arrive at a single expressionwhich allows a

world pointto bemappedlirectly to its imagepoint representationT his expressioris

the projectionmatrix P andthe mappingcanbewritten as

(u,v,1)T =K[R|T]

r N < X

which shortengo
X = PX

whereP = K[R|T]. At thispointit shouldbe notedthatalthoughit is possibleto obtain
an image point from it's world point, an inverseinjective mappingis not possible,
exceptto obtaintheline on which the 3D pointlies (7).

2.2 Epipolar geometry.

Epipolargeometrydescribeshe fundamentatelationshipbetweenwo views, andal-
lows operationdbetweerviewsto bespecifiedrom aknowledgeof thecameranternal
parametergin K) andtherelative positionof thecamerasFigure2.3ashavs atypical
two-view setupwith 2 camerasA andB with centre<C andC/, their respectie image
planesandaworld point, X. The projectionof X ontheimageplaness x andx'. The
firstimportantconstrainis thatthe planeformedby C, C' andX hasx andx' coplanar
This holdsfor any X. ThebaselineC — C’ joining the cameracentresmeetsheimage
planesat e and€, calledthe epipoles andthesepointsrepresenthe projectionof one



Chapter 2. Background 7

epipolar plane

epipolar linefor x’ epipolar linefor x

Figure 2.3: Epipolar geometry in a two-view setup

cameras centreon the image planeon the othersimageplane. Clearly, if the only
informationknown is the cameracentresandthe imagepoint x, aline projectedback
from C throughx will containX. This line projectsto aline in imageplaneB. Thusa
back-projectedmagepoint viewedby eithercamerawill projectto aline in theothers
imageplane.

Theestablishmenbf two cameracentresn spacalefinesabaselinedbetweerthem.
The baselines a fixed entity, which togethemwith a numberof pointsin world space
will describeasetof planeshingedaboutthe baseline Suchplanesarecalledepipolar
planesandthisrelationshigs illustratedin figure2.3h Thefigurealsoshovshow two
distinctvertically displacedoointsdefinetwo planeswhich intersecttheimageplanes
at two linesin eachview. Theselinesintersectat the epipolesin the corresponding
imagesplanesandarecalledepipolarlines. Epipolarlinesall have theusefulproperty
thatthey intersectat the epipole. Thusa setof imagepointsin oneplaneprojectsto a
setof epipolarlinesin the other tracingout whatis calledan epipolarpencil of lines.
Clearlytheseconstraintsaareusefulwhereattemptingto recover 3D informationfrom
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‘ epipolar pencil

c

Figure 2.4: Epipolar planes and epipolar pencil

morethanonecamera.

Two usefulalgebraicrepresentationsf the relationshipbetweentwo camerasn
sucha setupcanbe obtainedin the form of matrices,the essentiabnd fundamental
matrices.Two cameracoordinatesystemsasin figure 2.3,imaginga point X atx and
X arerelatedby arotationR andatranslationT, then

X =Rx+T
Takingthe vectorproductwith T followedby the scalarmproductwith x’:
X (TXRX) =0
This canbewritten as

XTEx=0
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in cameracoordinateswhereE = [T]«Ris the 3 x 3 essentiamatrix and[T] is the
skew-symmetricrepresentationf T. The essentiamatrix is the algebraicrepresenta-
tion of epipolargeometryfor known calibration. Using the calibrationmatrices,the
essentiamatrix canbe generalisedo relateimagepointsto cameracoordinates:

XTK-TEK-1x=0
or
XTFx=0

whereF = K/~ TEK 1! is the 3 x 3 fundamentamatrix. The fundamentamatrix has
very useful properties particularlyl’ = Fx andl = FTx' with x andx in imageco-
ordinates. This meansthat the projectionof an epipolarline onto imageplaneB is
givenby the operationof the fundamentamatrix on the correspondingmagepointin
A. Corveniently thereversemappingbetweerB andA is achiezedby theapplication
of the transposef F which mappedA to B. Inclusionof the calibrationparameters
in the fundamentamatrix meanghat both the intrinsic andextrinsic parametersf a
scenareencapsulateth asinglerelationshipanadvantagecomparedo theessential
matrix (11). Knowing K, RandT allowsthewholeepipolargeometryof asceneo be
specified.

2.3 Previous and Related Work.

In recenttimes, muchwork hasfocussedon the problemof constructionof realistic
3D modelsfrom multiple viewpoints. Traditionally, the approachhasbeenintensity-
basedr feature-basetnagecorrelation.Succes#n theseareashasbeentemperedy
severallimiting factors:

e views are requiredto be sufficiently proximal to achiere effective correspon-
dences.

¢ large changesn viewpoint require accurateseriesof correspondencescross
images.
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¢ 3D surfacemodelshave to befitted to sparsedatabeforedetailcanbe added.

¢ lackof detailregardingocclusionresultsin models.

Thesefactorshave led to aninterestin constructingscenesn termsof the volumesor
surfacederivedfrom theimagesreplacingtheimage-basedearctwith ascene-based
search.Thesetechniquesangenerallybe describedasvolumetricscenemodelling.
Within this scopethereareseveralapproaches reconstructionncludingdensestereo
matchingand shapefrom silhouettewhich build an explicit representationimage-
basedmethodswhereonly novel views are required,and hybrid approachesvhich
drav on both modelandimage-basedechniqueq3). The approachadoptedin this
work is the shapefrom silhouettetechnique widely studiedin the past10 years. All
systemsandalgorithmswhich usethis methodhave at their root a constructiorof the
visual hull conceptintroducedby Laurentini(9). 3D informationaboutshapecanbe
gainedfrom visual cuesaboutan objectssilhouettein 2D. Computationallythis can
be realisedby first projectingraysfrom a viewpoint (cameracentre)tangentialto the
silhouetteoutline of the objectfor all pointson the outline. This definesa cone-like
regionin spacecalledasilhouetteconewhichis guaranteetb containtheobject(figure
2.4a).

Intersectiorof conesobtainedfrom differentviewpointsdescribesanapproximat-
ing volumeto the original object. The visualhull is definedasthe intersectionof the
conedrom theinfinite numberof viewpointssurroundingheobjectoutsideof its con-
vex hull. Thisdefinesamaximalvoulmewhichis guaranteedb containthe objectand
whichis atleastasgoodafit asthecorvex hull. The corverseto thisresultis thattwo
objectscanbediscriminatedoy silhouettefrom aviewpointfrom adistinctvisualhull.
Therearesomelimitationsin this technique:Any global concaity within the object
cannotbe resoled by examiningary of the silhouettesdescribedoy the visual hull.
This reflectswhatis calleda silhouetteinactive surface(figure 2.4b). At the practical
level, it is infeasibleto computeaninfinite numberof conesrom whichto recoverthe
visual hull perfectly Sometrade-of mustbe employed betweenconstraininga com-
pletehull andthe expenseof obtainingmary cones.For this reasoranapproximating
visual hull is generallycalculatedfrom which an approximatevolume is described
(figure 2.4b). The mostcommonmeansof derving a modelvia its visual hull is to
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Figure 2.5: Object, image planes, silhouettes and silhouette cones.

discretisehe modelspacento structuredvolumeelementgvoxels) at a progressiely

increasingresolution,calculatingoccupanyg of the elements. Efficient resolutionis

normally achieved by linking the spatialsubdvision via branchandleaf nodesof an
octreestructure.This eliminateshe needto exhaustvely calculateoccupang of large
numbersof fine scaleelementswhich containempty space.The techniquegenerally
proceeddy projectingeachsilhouetteconeof voxelsontoevery otherimageplaneand
thenremoving thosevoxelswhich lie outsideof the boundaryof the silhouettein each
imageplane.In this mannemregionsof spacecanbe progressiely removedwherethe
objectis not for eachintersection.For this reasorthe techniques variouslyreferred
to asspaceor voxel carving(8).

Work relatedto thisapproachmaybefoundin (6) which calculategheintersection
of backprojectedsilhouetteconesin 3D obtainingvolumeoccupang from theresult.
An alternatve approachs takenin (Snaw etal.) which optimiseshe problemby com-
putationof aglobalminimumof anenegy functionconsistingof a pixel intensitydata
termanda local smoothnesserm. Applicationsin the field arenumerous.A virtual
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Figure 2.6: Object with global concavity and visual hull of object.
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view generatiorsystem(12) utilisesmultiple view video streamsf a sceneto deter
mine volume occupang and specialisechardware to determinecolour in the model
producingphotorealisticnteractvely renderedscenedor arbitrary viewpoints. The
approachakenin (5) combinesnodelreconstructiorand non-eplicit reconstruction
in ellipsoidfitting for moving humangn realtime, while the systemin (13) constructs
a simple model of a scenefor eachcameraat eachinstantfrom rangeandintensity
informationfor multiple video inputs. The collectionof instantsis recombinednto a
global 3D surfacemodelof the scenewnhich allows reconstructiorof novel photoreal-
istic views

An alternatve approachandthe onepresentedn this work, is to obtainthevisual
hull by calculatingan explicit andexact polyhedralmodel. This techniquealsouses
the intersectionbetweena silhouetteconeandsilhouetteto build the visual hull, but
insteadof discardingareasoutsideof thehull, intersectiongreretainedandlifted back
into 3D to definepolygonalboundariesvherethe hull is. The choiceto implementa
polyhedralrepresentationf thevisualhull in placeof onerealisedby voxel carvingis
influencedby severalfactors:

¢ themethodis newerandmuchlesswell documentedois ripe for investigation.

¢ therepresentatiois view-independenso oncecalculatedor a singlesetof in-
puts,therecoveredhull lendsitself well to beingrenderedn novel views.

e apolyhedraloutputis well suitedto beingrenderedy standardyraphicshard-

ware.

¢ voxel basedmethodssuffer from antialiasingeffectswhich arearesultof quan-
tisationin the choiceof elementdimensionsandtopology

e apolyhedralrepresentatiomwanbe saidto be exactfor the numberof views in
the sensehatit is composef setsof lineswhich represenexactlocationsof
theobject.

A systemwhich adoptsthis approachtandwhich providesthe algorithmwhich forms
thebasisof thework presentedhereis the PolyhedralVisualHull (PVH) system(17).
This systemproducesa real time reconstructionof the visual hull as a polyhedral
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model. Silhouettesf an objectfrom several camerasareextracted. Raysareextrap-

olatedfrom a cameracentrethroughthe silhouetteimagepointsto definea silhouette
conefor eachimage. The silhouettesare preprocessethto specialdatastructures
called Edge-Binswhich areusedto acceleratehe calculationof cone-conantersec-
tionsin 2D. Theintersectionsrethenlifted backinto 3D andcombinedto form a set
of polygonalfaceswhich describethe visual hull. In the system,imagescapturedat

thetime of input areusedto texture mapthe hull giving a photorealistioutput.
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Method

Successfutecovery of apolyhedralrepresentationf avirtual objects surfacefrom its

silhouetteshouldnegociatethefollowing stages:

specificatiorof a constrainednodelscene.
recovery of therelative geometryof the scene.
silhouetteextractionof inputimages.

implementatiorof analgorithmto extracta polyhedralmodelfrom the silhou-
ettes.

Thesemaindifficulties canbe subdvidedandrelatedto form a linearpipelineof sub-

problemgfigure 3.1). This chapterexamineshe methodausedto achieve thefirst two

mainstages.

3.0.1 Model Scene Specification.

To producea realisticsimulationof the behaiour of a multiple cameramagingsys-

tem,theinitial stageof the problemconcernedhow to createandrelatevirtual cameras

and objects. Suitability of an appropriatemodelling ervironmentand choiceof test

modelshadto be considered.The numberof applicationsfor modelling a multiple

camerasetupis largeandary of Matlab,VRML or Java3Dwould have madeareason-

ablechoice.In theendit wasdecidedo usetheVisualisationToolkit (VTK). VTK isa

15
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virtual cameras
test models

calibration objects
calibration

recovery of )
fundamental matrices

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

construction of edge-bin
2D intersection
back-projection
3D intersection

o

Figure 3.1: Stages of operation in the pipeline

16
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powerful andextensive setof C++ clasdlibrariesbuilt ontop of abasicgraphicdibrary
(OpenGLin this case).lt allows easyspecificatiorandcontrol of virtual camerasand
modelsandis particularly suitedto visualising3D data. The factthat VTK affords
implementationin the Tcl/Tk interpretinglanguaggwith which prior experiencehad
beengainedallowedprogresso bemadewhile the C++languagevasbeingdigested.
To createamodelscendn VTK requiressomeobjectsto be specifiedn a pipeline:

e oneor moresourceobjects.In theabsencef ary externaldatalocal parameters
areusedto generatalata. The sourcehasoneor moreoutputsandno inputs.

e zeroor morefilter objectsto transformthe data. A filter hasoneor moreinputs
andoutputs.

e amapperbjectto transformthe datato graphicsprimitives. A mappethasone
or moreinputsandno outputs.

Implementationof a scenerequiresthat a renderingwindow objectis createdalong
with arendereobject. This objectis createdvith adefaultlight andcameravhich are
coordinatedy therenderemlongwith anactorobjectrepresentinghe propertiesand
geometryof anobjectin thesceneAll concreteclassehave useraccessibléunctions
throughwhich objectbehaiour may be controlled(REF VTK). Initially atestscene
wascreatedvith 4 camerasotatedoby 30°, 120°, 210°, and300° abouttheworld y-axis
and—20° abouttheworld x-axiswith optic axesintersectingataparticularpointsothat
the camerashouldbe well dispersedFurthertestscenesiadcamerasn orientations
asshavn in figure 3.2. The initial testmodelwas a cubewith side length 600mm.
Othermodelsdescribea 3D L-shapecomposedf two rectangulasolids(figure 3.3)
anda cubewith a sphereadjoinedat one corner The renderedscenewas found to
be suitablyproportionedusingthe default VTK camergparametersothesewereleft
unchanged.The backgroundfor the scenewas definedas a simple monochromatic
flat shading. Although this is unrealistic,it was hopedto add backgroundsand one
of the well known techniquedor backgroundremoval, time permitting. In orderto
evaluatetheaccuray of extrinsic parameterso berecoveredlaterin the pipeline,each
cameras centreof projectionandtransformmatrix relative to the world origin was
stored.Thiswasdoneto provide agroundtruthfor subsequergartsof thesystem.The



Chapter 3. Method 18

Figure 3.2: Sample input image

imagesobtainedfrom the setsof cameraviews of the modelswerestoredin portable
pixmap (PPM) format, a standardcolour imagefile format supportedby VTK and
which affords platformindependencandis readilycompressed.

3.0.2 Camera Calibration

This stagein the processs concernedvith the extractionof therelative positioningof
the camerasn the scene.As discussedn chaptertwo, knowledgeof the calibration
matrix K andthe projectionmatrix P canleadto the completedescriptionof theepipo-
lar geometryof a scene. This in turn allows informationto be gainedregardingthe
third dimension.Also notedearlief K containsthe camerafocal lengthandprincipal
point, theintrinsic parametersCamerecalibrationis atechniqueo recoverK together
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Figure 3.3: Initial and subsequent camera setups

with the rotationandtranslationcomponent®f the viewpoint frame. An imagepoint
is givenby the actionof a projectionmatrix on aworld point. This canbewritten

_ y .
u P11 P12 P13 P14 v
V| = | P21 P22 P23 P24 7
1 P31 P32 P33 P3a 1

or

Xx=P

'

whereP has11 degreesof freedom(pss is a scalefactor). Calibrationproceeds
by first ascertaining? from a setof known world point positionsandtheir projectve
positionon the imageplane. P is thendecomposedhto the constituentK, R, and T
components.For eachpair of correspondingvorld andimagepoints X andx, two
linearequationcanbewritten in termsof the elementsf P:

U— XP11+YP12+ZP13+ P14 and v — XP21+ YP22 + ZP23+ P24
XP31+YP32+ZP33+ P34 XP31+YP32+ ZP33+ P34
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andthis gives
Xp11+YP12+ ZP13+ P14 = U(XP31+YP32+ ZP33+ P3a)

XP21 -+ YP22 + ZP23+ P24 = V(XP31+ YP32+ ZP33+ P3a)

Thefollowing matrix relationshipcanthenbe constructedgivenn 3D points:

[ X1Y1 Z21 0 0 0 0 —wuXg —wYr —uny I P11 ] [ Uz i
0 0 0 0 X4 Y1241 —VviXy —wnYr —wvZ& P12 V1
Xhn Yn Zn 1 0 0 O O —uUnXn —UnYn —UnZp P33 Un

|0 0 0 0 Xn Yn Zn 1 —VXn —VnYa —WnZn | | P32 | | Vn |

so with 11 unknowns and eachcorrespondencédefining two equations at least
six pointsarerequiredto solve. Following this a linearleastsquaresasedor a non-
linear minimisation approachcan be appliedto minimise the distancebetweenthe
measurednd projectedpoint. The non-linearmethodis more robustandis usedin
the implementatiorof this work. With P computeahus,the matrix decomposemto
K, R, andT. TheproductKRis thefirst 3 x 3 submatrixof P andcanbe decomposed
usinga QR decompositiorresultingin the uppertriangularK andorthogonalR. T is
thengivenby(7).

T =K 1(ps1 psz ps3)’

As noted,a minimum of six input pointsis requiredto calibrate. Pointsarein-
troducedtypically throughimaging a physical objectwith an arrangemenof well-
constrainedoints, suchasa checlerboardpattern. Cornerpointson the patterncan
thenbe specifiedandtheir pixel coordinatesalculated.To calibratethe virtual setup,
a calibrationobjectconsistingof a planarblack-and-whitecheclerboardpatternwas
constructedn VTK. Initially 20 imagesof the objectin variousorientationsvaspro-
duced.A library runningon Matlab which automateshe mathematic®f the calibra-
tion processvasemployed. This library, the CameraCalibrationToolbox (1) takesas
input a numberof imagesof a planarcheclerboardcalibrationobject. The first stage
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involvesthe userspecifyingthe grid’s extremetieswith four mouseclicks at the cor
ners.Thenumberof squaresn thex andy directionsis specifiedandtheirdimensions
sothattherestof thegrid cornerdocationscanbe computedaffording alarge number
of known points. Cornerextractionis repeatedor all imagesoeforethecalibrationma-
trix correspondingo thatcameraview is computedaccordingo themethodslescribed
above. With real camerasand especiallythosewith poor quality optics, distortion of
theimagesoften occursparticularlytowardstheimageboundariesFacilitiesto com-
pensatdor this radial distortionareincludedwith the library, althoughin the virtual
setupthisis notaconcern Basedonthe computecarameterghegrid pointsarepro-
jectedontothe original imagesanda plot of thereprojectionerroris produced.From
thisit is deducedvhetherary of the processneedso berepeatedor increasediccu-
ragy in ary of theimages.Initially whenthis procedurevasperformedthecalculated
reprojectiorerrorswerea significantfractionof a pixel (around0.4). Antialiasingwas
performedon the inputimagesvia a simplefunctioncall in VTK andthe errorswere
reducedsubstantially(to 0.1 of a pixel). Extractionof the extrinsic parameter® and
T is anoptionalfinal stagein the process.Testscenesvere constructedgshaving the
calibrationobjectin positionsaccordingto the modelscenevirtual camerasThegrid
of cornerswasspecifiedandusingthe intrinsic parametergor eachcameran K, the
3D locationof the grid in the world referenceframe was computed. At this stagea
slightglitch in thetoolboxwasdiscovered.As figure 3.2ashows, relative to theworld
coordinateframe, two of the virtual cameradie in the negative z sector When ex-
tracting cornerswith the toolbox, the useris constrainedo specify the first clicked
point asthe origin of the world frame. If the userclicks on the lower left cornerof
the pattern thetoolboxassumeshatthe useris referringto aright-handedccoordinate
system,while a click in the lower right cornerinfers a left-handedsystem. This is
generallya userfriendly automationput in the caseof multiple views suchasthetest
scenéhere slightly confusingresultscanbeobtained.Usingaright-handedcoordinate
systemtheworld coordinateorigin is constrainedvith a click onthelower left corner
of the calibrationobject. However, for the camerasn the negative z sectoy the same
world origin now lies at the lower right cornerand althoughthe coordinateframeis
still right-handedthe toolbox producesk andT correspondingo a left-handedsys-
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tem. This problemwasrectified by applyinga simplerotationof 90 aboutthe z axis
and 180 aboutthe x axis to the resultingmatrices. Perhapsa slight improvementto
the toolbox would be to make the axis systemspecificationexplicit from the useror
defaultto onesystem.

A final considerations thatthe makeupof K is slightly differentfor CCD devices
comparedo standardcamerasn thatthe imagesensorsn a CCD chip arearraysof
pixelswhichmaynotbesquare Thisresultsin askew betweerthex andy components
which is reflectedn the valueof the elementin thefirst row andsecondcolumnof K
asthe cosineof theangleof skew. In thevirtual setupaswith mostcamerastheangle
of skew is 90 sothevalueof this elements zero.

3.0.3 The Fundamental Matrix.

The discussionin chaptertwo emphasisedhow knowledgeof the fundamentaima-
trix maybe usedin relatingimagepointsandepipolarlines betweerdifferentcamera
views. For this reasont wasdeemececessaryo recover the matricesdescribingthe
modelsetup.Despitethefactthatin generathefundamentamatrix expressegpipolar
geometryin thecasewhereuncalibratecdamerasarebeingused knowledgeof thema-
trix canbe usefulin the calibratedcasealso. The essentiaiatrix discussedn chapter
two wasdevelopedbeforethefundamentamatrixandcanbethoughtof asthespecial-
isationof thefundamentamatrix, wherethe calibrationparametersnustbe known in
orderto recover mappingshetweenmagepointsandepipolarlines. The moregener
alisedfundamentamatrix simply removestherequiremento know calibrationparam-
etersasthey areincorporatednto the matrix. Thus,knowing the fundamentamatrix
requiresthatlesscalculationneedbe donebetweenmagedomainscomparedo us-
ing the essentiamatrix, andimagepoints canbe projectedto epipolarlines directly.
Algebraicderivationof the fundamentamatrixis reflectedn theequation

XTEx=0

whereF = K-TEK ! andE = [T]«R, [T]« is the skew-symmetricrepresentation
of translationbetweencameracoordinateframesandR the rotationcomponent.This
reflectsthe factthat correspondingmagepointsandthe cameracentresare coplanar
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In practice,derivation of F in this mannemrovesto be difficult andsaferandeasier
methodsexist. It wasproposedo employ alinearmethodto computeF known asthe
8-pointalgorithm. This algorithmusesthe matchup of correspondingmagepoints
betweerviews in the equationx’™ Fx = 0. With a sufficient numberof matchingx : X

pairs(the minimumnumberbeingseven)a setof linearequationsnay be definedand
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
unknavnsin F:

vufip+Uuvfio+ U fiz+Vufar + Voo +V foz+ufag +vizo+ fa3 =0

Fromasetof n point matchesthefollowing matrix cambe constructed:

ujup ujvq Uy viur vivi vy oup vp 1
Af = : : : : : o v =0

UpUn UpVn Up ViUn ViVn Vi Un Vp 1

As ahomogeneousetof equationsf canonly bedeterminedip to scaleandfor a
solutionto exist, A musthave minimumrankof eight. A rankof exactly eightspecifies
a uniquesolutionwhich canbe obtainedby linear methods.This specifiesa solution
for perfectdataunperturbedy noise.In realapplicationsoisewill nearlyalwaysbe
presentandthis hasthe effect of increasinghe rank of A to nine. In this casea least
squaresolutionmustbe foundwhich is equalto the singularvectorcorrespondingo
the smallestsingularvalueof A. Thisis foundfrom thelastcolumnV in the singular
valuedecompositiorA = U*DVT (7). To calculateF, setsof imagepoint correspon-
dencesacrosscameraviews in the modelscenewereobtainedandthe methodabove,
implementedn the StructureandMotion toolkit in Matlab (14) wasusedto compute
F.

With modeltestscenesspecified,calibratedcamerasonstrainedand valuesfor
fundamentamatricesrecovered,the next stagein the systemdesigninvolvesprocess-
ing theinputimagesin orderto extractsilhouettesandfollowing this, the main PVH
algorithmmustbe implemented.Imageprocessingandthe PVH algorithmaredealt
with in thefollowing chapter
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The secondtwo main tasksin the subdvision of the specificationintroducedin the
previous chapterare examinednow. Thesedeal with the implementationof image
processingandthe main PVH algorithm. Discussionof the techniquesemployed to
achieze imageprocessinganda detaileddescriptionof the main PVH algorithmpre-
cedeafull discussiorof theimplementatiorstructureandoperation.The mainimple-
mentationwaswritten in C++ for the power, robustnessand neatnesshat building a
C-basedbject-orientecervironmentprovides. Advantagesn termsof portability and
efficiengy alsoinfluencedhe choice.

4.1 Image Processing.

As discussedn chaptertwo, the methodchoserto achiere reconstructiorof a model
involvesconstructionof a visual hull usingthe shapefrom silhouettetechnique.This
requiresimageprocessingo be performedinitially, in orderto extracta representa-
tion of the silhouetteof the objectfrom a particularimage. The true definition of a
silhouetteis an outline portrait of an objectinfilled with black. For computervision
techniquestheinfilling of the interior with blackis a superfluousoncernsowe are
left with whatis actuallysoughtin this processa silhouettecontour just the outline
of the objectin question. Due to the modelscenebeingimplementedover a simple
monochromatidackgroundthe imagesare presentedn the samemannerasimages

24
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from a real systemwhich hashadthe backgroundemoved. The algorithmsusedto
achieve contourextraction are introducedbefore being examinedin more detail. A
techniqudor extractingthe contoursin a 2D imageis the marchingsquareslgorithm
(W. Lorensel), a cell baseddivide andconquerstratey which preprocessethe input
into anindexed casetablerecordingtheinclusionor exclusionof acell vertex with re-
spectto thecontourvalue. The operationof this algorithmaloneis sufficientto reduce
animageto asinglecontour howevertheoutputis anexhaustve point-by-pointisoline
list of every pixel pair which constituteghe contour To definea silhouettebasedn a
large contourpoint setandthencalculateintersection®f a numberof pairsof cones
will obviously be computationallyexpensve. With this in mind, andconsideringhat
theimplementation®f mostmulti-view modelrecovery systemsomputea temporal
sequenc®f dynamicallychangingobjects,it wasproposedhatthis systemlik e oth-
ersshouldreducethe quantityof pointsbeinginput to the mainalgorithm. A suitable
techniqueto achieve this is the decimationalgorithm (W. Schroeder)a polygon-data
compressioralgorithmwhich removesor preserespointsin atriangularmeshbased
on point boundarycriteriaandrelative distanceof meshverticesfrom referencdines.
Importantly the algorithm preseresthe original topology of the input and makesa
good approximationthe the original geometry(19). As decimationrequiresa trian-
gular meshframevork asinput and marchingsquaregproducesa list of isolinesas
output, a further processs requiredto carry out the intermediatetransformationof
linesto polygons.For this stage DelaunaytriangulationwasproposedThis technique
takesasetof individual pointsandcreatestriangulartesselatiorin 2D whichhasbeen
shown to be the optimal triangulationbasedon the interior anglesof the trianglesin
theresultingmesh(4). With this designspecifiedjt washopedto extractthesilhouette
contourfor eachimageandreducethe numberof outputpointsfor efficiency laterin
the pipeline,while preservinghe original geometryof theinput.

The marchingsquareslgorithmtakesasinput a regular structureddatasetin this
casethe PPMimagesof thetestscenesTheimageis dividedinto squarecellswhich
have pixel dimension. The next stageis to assigneachcell a bitwise codebasedon
whethereachvertex in the imagelies inside or outsidethe specifiedcontourvalue.
Initially eachvertex is classifiedthus,thenthe cells are classifiedbasedon the com-
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binationof the four verticesin the cell. As eachvertex may be in oneof two states
thereexists2* possiblewaysto describesachcell. With thebinary stateof eachvertex
settinga bit value, this definesanindex into eachvertex. Examinationof the stateof
thefour verticesin a cell definesatopologicalstatefor eachcell, constraininghe cell
pathof the contour Interpolationbetweencell verticesis thenusedto ascertairthe
exactlocationof theentryandexit pointsof the contour In this mannerthe contouris
constructedor eachcell. In orderto maintainconnectvity acrosscells,thealgorithm
interpolatesn thesamedirectionrelative to verticesto avoid numericalround-of error
(19).

With a setof contourpointsdefined,compressiorcanbeemployedvia decimation
afterthe point setis triangulatedwith Delaunaytriangulation.Delaunaytriangulation
is ameshconstructiortechniquewhichis definedby two usefulproperties:

¢ the centreof the pointswhich make up a triangle definea circle which passes
throughthosepoints,the circumcircleof thetriangle. This circumcirclewill not
containary otherpointsin the datatset.

¢ Delaunaytriangulationcreatesan optimaltriangulationby maximisingthe min-
imum anglefor all triangularelements.

The mostcommonlyimplementedelaunayalgorithm,andthatusedin this work
is the Bowyer-Watsonalgorithm (2)(18). The algorithm proceeddy initially con-
structingone large Delaunaytriangulationwhich boundsthe whole dataset. Points
which populatethe datasetareinjectedoneat a time andall circumcirclesin the ex-
isting datasetwhich containthat new point areidentified (figure 4.2). This involves
first locatingthetrianglewhich containsthe point, thenthe neighbouringrianglesare
selectedo seeif their circumcirclescontainthe new pointandso on until all circum-
circlesarefound. All the triangleswhich belongto thesecircumcirclesare deleted
creatinga cavity. Finally the new pointis joinedto all the verticeson the boundary
of the cavity. This procesontinueswith all pointsbeingtreatedthusbeforethefinal
stepis to removethetrianglesconnectinghe pointsforming theinitial boundingtrian-
gulation(4). With the point setspecifiedasa triangularmesh this cannow be passed
asinputto thedecimationalgorithm. This algorithmattemptgo reducethe numberof
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injected point
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circumcircle new triangulation

Figure 4.1: Delaunay triangulation.

pointsin atriangularmeshby a three-stagg@rocessf vertex classificationfollowed
by errorevaluationfollowedby triangulation.

Thefirst stageof point classificatiorvisits eachvertex in the meshiteratively and
classifiesit in an attemptto establishthe local topology and geometryof the mesh.
Classificatiordeterminesvhethera pointis selectedor deletionor explicitly retained
accordingto which one of five possiblecateyoriesit falls in from simple, comple,
boundary interior edgeand corner A simple vertex is one that is completelysur
roundedby trianglessothateachedgefrom thevertex is usedby exactly two triangles.
If avertex is not completelysurroundedr atrianglenotin the cycle of triangleuses
theverte, it is classifiedascomplex. A boundaryedgepoint lies within a semicircle
of triangles.Simplepointscanbeclassifiedasinterioredgeor cornerpoints,but thisis
basedon 3D characteandneednot be consideredchere. Complex (andcorner)points
arenever deletedirom a meshbut all otherverticesareeligible to be deleted.Whena
pointis marked asa candidatefor deletion,the next stageis to estimatethe errorthat
would beincurredwerethe pointandits conjoinedtrianglesdeleted.Theerroris taken
asafunctionof thedistancea point makeswith areferencdine (planein 3D). Simple
pointsin 2D arealwaysremoved. Boundaryandinterioredgepointsaretakento lie on
anedgeandherethe distanceto thatedgefrom the point definesthe error suchthata
pointwhichis closeenoughto the edgewill be deletedwhile a pointwhichis notwill
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beretained.Whena pointis deletedall associatedrianglesarealsoremovedleaving

agapto betriangulatedn amoresimplemanner Althoughthealgorithmis beingused
in a2D context, it is designedo operaten 3D aswell. For thisreasorit employsa3D

triangulationtechnique Thecycle of pointsformedafterdeletionof avertex is divided
by two with the insertionof plane. To be a valid split, all pointsin the subdvisions
mustlie on oppositesidesof the planeandthe split mustcreatetwo cycleswhich both

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

a pointin a subdvision to the split planerelative to the length of the plane. Oncea

suitablesplit planeis found, eachsubdvision is recursvely split until eachcontains
only threepoints. At this stagethe procesdhaltsanda triangleis created.

After the operationof the threealgorithms the outputis a reducedsetof pointsin
x andy representinginapproximatiorto the silhouettecontourofthe object.

A furtherprocessingtepwhich hadnot beenforeseersurfacedat this point. The
main algorithmlik e other silhouettetechniquesoperatesria the interactionbetween
consecutre pairsof pointsin cones.Usingthe factthat valuesobtainedpertainingto
the secondpoint areusedto derive valuesfor thefirst pointin the following pairis a
commonoptimisationwhich reducessearchingimescomparedo whenan arbitrary
sequencef pointsis used.Unfortunatelythe outputfrom the marchingsquareslgo-
rithm doesnot represensucha consecutie sequencef pointswhich meantthatthe
someway would have to be foundto orderthe point list into the consecutie manner
thatthey appeatin thecontour An initial approactto this probleminvolvedsomehav
specifyinga centralpoint to the interior of the contourand creatinga list of points
by sweepingaradialline throughthe whole point set,addingto the list eachtime the
sweeparm encounterec point. This simpleapproachwould work fine for a corvex
polygon,butwouldincorrectlyinsertpointsatconcaities. A subsequerdpproactwas
takenwherealist of cyclically orderedpointscould be createdby measuringhe dis-
tancebetweerpointsin pixels. Thisapproactbeginswith ary pointin thedatasetflags
it to preventit from beingconsideredn subsequeniterations,and searcheshrough
thewholelist of pointsstoringthe locationof the pointwhich is closesto the current
point. This nearespointis thenaddedto thelist andflagged. The processontinues
until all points have beenadded. Obviously with this technique,it is not specified
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Figure 4.2: lllustration of degenerate case.

whetherthe orderingof pointsresultsin a clockwiseor anticlockwiseordering,this
factorwill be determinedby the relationshipbetweenthe initial and secondpoints.
Onefurther requiremenfor this algorithmis illustratedby the setof pointsin figure
4.4a.

The operationof this algorithmon a setof pointswith this arrangementvill add
point 3 to the list incorrectly beforepoint 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 vector betweenthe currentand previous points,
anda vectorbetweerthe currentand candidatepoints. The anglemadeby thesetwo
vectorscanthen be calculatedwherea particularly obtuseanglewill suggesthata
candidatepoint lies in the samedirection asthe othertwo points. A low anglewill
suggesthat the point lies in the oppositedirection, in which casethe point canbe
flaggedandemplacedat the startof thelist insteadof therear(figure 4.4b).

With the solution to this problem being non-trivial, limitations still exist as it
stands:spatiallyadjacentmembersof the point setmustbe closeenoughtogetherto
preventthe erroneousnclusionof pointswhich aremadecandidateoy local concavity
(figure4.4c). This maywell prohibitthe correctorderingof ary setof sparsedataand
will verylikely have anincorrectresultwith self-intersectinglata.Corversely therel-
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Figure 4.3: lllustration of use of vector angle to order points correctly.

atively high numberof contourpointsgeneratedn the imageprocessingtageof this
projectsupportsoperationof this algorithmandallows this techniqueto be extended
to work on modelswhich do not consistof simple geometricshapes.this approach
will not producea correctresultwhenfacedwith multiple contourssuchasseparate
objectsor thosewith holes.

4.2 Polyhedral Visual Hull algorithm.

The PolyhedraVisual Hull (PVH) algorithmdevelopedby Matusiketal (17) takesas
inputa setof contourrepresentingolygonsfrom a numberof calibratedcamerasand
usegheseo build apolyhedralrepresentationf thevisualhull. A termusedthrough-
outthetext hereis 'coneface’. This representthetriangleformedby a cameracentre
andlinesextrapolatedrom the centrethroughtwo imagepointsin the silhouettecon-
tour andbeyond. A silhoueteconeis composedf adjacentconefaces. The initial

phaseof constructiorof the perspectie versionof thevisualhull is to definea silhou-
ette coneof pointswith ape at the cameracentreand edgesprojectedbackthrough
eachpointin thepolygonalrepresentatioof the silhouette thusdefininga polyhedral
cone-like object. As notedbefore,eachconeis guaranteedo containthe objectbeing
imagedasa silhouette.Extractionof the visualhull is thenachiezed by calculationof
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Figure 4.4: Local concavity causes the erroneous selection of point 5

the polyhedronformedby theintersectiorof all the polyhedralsilhouettecones.Each
adjacenpair of pointsin thesilhouettecontourwill containthefacesof thevisualhull.
Thatis, facesof thevisualhull areconstrainedo lie on the conefacesof the original
silhouettes.This fact suggest@ methodto computethe cone-conantersectionsfor
eachconefacein turnin asilhouette calculateits intersectiornwith eachothercone,
thenfor eachof theseresultscalculatetheintersectiorwithin eachconeface.Thiswill
defineeachfaceof thevisualhull. As the calculationof the intersectiorof polyhedral
conesis in 3D thuscomputationallyexpensve, the algorithm proposedo reducethe
calculationinto 2D by employing featuresof epipolargeometry This reductionuses
thefactthateachconefaceis definedby a 2D silhouettein cross-sectionThusinter
sectionin 2D canbeachiered by projectinga conefacethroughsilhouetteA ontothe
imageplaneof silhouetteB andsotheconefacewill lie acrosghesilhouettein B. This
polygon-polygonintersectioncanbe calculatednuchmorereadily andefficiently be-
foretheresultis projectedbackontotheconefacein 3D. Thealgorithmcanbedivided
into threesections:

1. creationof datastructuresoptimisedfor 2D intersectiorcalculation.
2. intersectiorof conesin 2D.

3. calculationof thevisualhull faces.
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4.2.1 Optimised Data Structures.

The calculationof 3D intersectiorof intricatemultiple instance®f distinctpolyhedra
with eachotheris computationallyintensive. Whenthe systememploying thesecal-
culationsis to have the capacityto extendits utility into having temporalconstraints
put on its operation,expensve computationshouldbe minimised. To this end, the
PVH algorithmpreprocessesachinputimageinto edgeintersectiorreseroirs to take
maximumadvantageof epipolargeometryin describinga 2D scendrom its 3D origin.
The epipolarconstraintis usedin two ways:

¢ all pointsonimageplaneA, whenprojectedontoimageplaneB will projectto
an epipolarpencilin imageplaneB. This allows eachepipolarline in B (and
thuseachpointin A) to be parameteriseth termsof the gradientthateachline
in the pencil makeswith thetip of the pencil,the epipole. The line gradientis
hencefortrcalleda.

e projectionof a 3D polyhedralconein spaceo aflat epipolarpencilin animage
planeimmediatelyreduceghe domainfrom threeto two dimensions.This will
simplify constructionof the datastructuresandimprove performancencurring
only the costof recoveringthethird dimensionat a later stage.

Datastructurescalled edge-binsare constructedvhich make useof theseproperties.
The processs describedusinga projectedconefrom theimagein A andasilhouette
contourin imageplaneB (figure4.5a).To fully understandhe algorithm,oneshould
appreciatdow thetwo structuresn A andB interlink.

Firstly the epipolarprojectionpoint of cameraA’s centreis computedon image
planeB. Thenthe contourpointsin silhouetteB areorderedagainstthe a valuethat
eachpoint makeswith A’s epipole. This createsa list of silhouettepointsorderedby
a. Note that adjacentpointsin the list do not have to be physically adjacentin the
contour Although not madeexplicit in the algorithmasreportedin (17), the list of
pointsorderedby a mustbe ableto index into thelist of pointsorderedcyclically to
ascertainwhich pointsin the cyclic list precedeand follow the currentpoint in the
a list. An edgebin is definedby the two lines from epipole A associatedvith two
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Figure 4.5: Silhouette contour and silhouette cone

adjacenpointsin the alphalist. Eachbin hasgradientay andaeng atits boundaries
(figure4.5b).

Along with anag andag,g value,eachbin hasa setof polygonedgesassociated
with it. Thesetof edgess definedby thelist of all silhouetteedgeswvhichlie between
Og andaeng. Notethateachsilhouettevertex definesaboundon abin andthegenesis
point for two edges.Thelist of edgesn eachbin is createdby traversingthelist of a
orderedverticesfrom eitherthe vertex with lowesta to thatwith highesta, or vice-
versa.For illustration considerconstructiorof the first andsecondbinsin figure 4.6a
traversingverticesin thedirectionof increasingx (fromv1 to v5). For bin 1, its lower
boundaryay is the a correspondingdo the first vertex in the a-orderedlist (v1). At
thisvertex, two edgedegin (elande5)sobothareaddedo thebin’slist of edgesBin
1 endsat the next vertex in thelist (v2), which definesoegng for bin 1. Notethatagng
for bin 1is ag for bin 2. Thisis the first manifestatiorof optimisationin the process:
during bin constructiona valuescorrespondindo bin boundariesio not needto be
searchedor. After constructiorof theinitial bin, to createthelist of edgego beadded
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Figure 4.6: Points ordered by O are not necessarily adjacent in the contour.

to subsequertinstherulesof a subsidiaryalgorithmarefollowed:

for eachnew Bin;

getog

if otherendpointa > ag
addedge

else continue

getedgelist for Binj_1

for eachedgein Binj_1 notassociatedavith ag
addedgeto Bin;

Thelist of edgesdn the precedingoin arecarriedover duringselection.Definethe
vertex found at the startof the new bin asthe 'current point’. Eachedgefrom the
previous bin hasthe a valueof its endpointsexaminedandthosethat do not have an
endpointwith ana valuethe sameasthe currentpointareaddedo thelist for thenew
bin. Next theindex into the cyclically orderedist is usedto ascertairthe a valuesof
the endpointsof thoseedgeswvhich emanatdrom the currentpointin the contourlist
(vl andv3). If theendpointa valueis higherthanor equalto thatof the currentpoint,
thatedgeis addedto thelist for the new bin. Otherwiseit is notadded.Following this
setof rules,the edgelist for bin 2 is constructeqasel ande4) from the edgesn bin
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Figure 4.7: Simple construction of edge-bins

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

Binl | Bin2 | Bin3 | Bin4
el,e5| el,ed | el,e3| el,e2

1 andthe characteristic®f the edgeendpointsassociatedavith bin 2's a4 point. The
sameedgelist selectiomalgorithmgovernsconstructiorof subsequertins. Table4.6¢
shownsthefinal edgebinsfor thefigurein 4.6a.

Notethatfor constructiorof binsin orderof progressrely decreasing, thesense
of inequalitytestsshouldbe reversed.The choiceof traversaldirectionis arbitraryat
thetime of implementation Figure4.6d-f shov somemorecomple situationswhich
influencedthe particularform of the algorithmasimplementedn this project. Figure
4.6dshavsacasewherealocal concaity occursatv2. If constructiorof bin A begins
atvl thenthe selectionalgorithmcarriesover andaddsedgeel. Edgese2 ande3are
associateavith v1 andasboththeir endpointshave highera thanvl, both edgesare
added.Constructiorof bin B beginsatv2. Edgesel,e2ande3arecarriedover from
bin A andsinceedgesel and e2 are associatedvith v2 they are not consideredoy
this part of the algorithm. e3is addedto the list. The secondoop in the algorithm
examinesel ande?2 (asassociatesf v2). The endpointsof both edgeshave lower a
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Figure 4.8: Edge-Bin construction around local concavity

thanv2 soneitheris added.

Figure4.6eshaws a casewheretwo verticeshave exactly the samea. The lower
bin is definedas endingat the next a pointin thelist. This point may be v1 or v2,
determinedy theorderthe pointswereencounteredh thecyclically orderedist dur-
ing sortingby a. In eithercase the sameselectionrulesapply andedgesareadded,
deletedor carriedoverin the sameway. At the bin boundaryaninfinitely narrov bin
is createdwith g = Oeng.

Figure 4.6f shows the edge-binconstructionprocessvherea conefacestraddles
several bins. This exampleis discussedurtherin the following sectionasit leadsto
therequiremenbf afurtherprocessingtep.A final smalloptimisationis madein the
constructionof the bins. This seeshe edgesn eachbin orderedby the distancethat
eachedgeis from the projectedepipole. The reasorfor this orderingis it allows the
intersectioncalculationto proceednoreeasily asexplainedin the following section.
With edge-bingonstrainedy the projectedapex of coneA andsilhouetteverticesin
B it canbeappreciatedhatary line forming partof theconeA in 3D will projectonto
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Figure 4.9: Edge-Bin construction where two vertices have exactly the same O

imageplaneB asanepipolarline which will fall within the boundsof oneof thebins
just constructed.Thusintersectioncan proceedby calculatingthe intersectionof the
projectedconelineswith theedgesn the bin within whichtheline falls.

4.2.2 Intersection of Cones.

Justasconstructiorof edge-binsisesa pairwiseboudarydefinitionin inception,sothe
intersectiorcalculationconsidersa pair of pointsatatime. This stageof thealgorithm
operatedy calculatingthe intersectionof eachprojectedconefacefrom coneA with
the edgesin the edge-binsn B (figure 4.6f). A conefaceprojectsonto B defining
two epipolarlines with associated valuesthat they make with the epipole,a1 and
o,. To calculatethe intersectionof the conefacewith the silhouette,the bin within
whoseboundsa lies, is found. Theintersectiorbetweertheline with o, andall the
edgesin the bin is computedandthe points obtainedusedto initialise a setof inter-
sectionpolygons. At this point, the reasonthat bin edgeswere orderedby distance
from the epipolebecome<learin thatthe intersectiorpointswill be calculatedn an
order which allows the pointsto be specifiedin a cyclical order producingcornvex
polygons.Examinationof figure 4.6f shavs thatonly triangularor quadrilaterapoly-
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Figure 4.10: Edge-Bin construction where a cone face straddles several bins
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gonsare producedat this stage. This meansthat eachpolygonis constructedn two
stages:the points (or point) which initialise eachpolygon, andthe points (or point)
which closeit. Thepointswhichinitialise apolygonarecomputedn orderof distance
from theepipole,andto ensurehatclosureof the polygondefinesa corvex shapethe
closingpointsareaddedoneto thefront of thelist of pointsandoneto the back. With
the intersectionpolygonconstructionundervay, bins aretraversedin the directionof
the secondconefaceline, as. If as lies outwith the currentbin, thenthe intersection
pointscreatedrom theintersectiorof the upperbin boundwith its edgesareaddedo
the intersectionpolygons. In this mannerconstructioncontinuesacrossbins until the
bin whosefurther extentlies beyond a., is reached.Thenthe conefaceupperbound,
02, is intersectedvith the edgesn the currentbin to form the pointswhich complete
the intersectionpolygonsfor that coneface. With the intersectionof the coneface
calculatedthe processs repeatedor the adjoiningconeface. This explainsthe ne-
cessityof pre-orderinghe pointscyclically immediatelyfollowing imageprocessing.
This meansthat the next conefacechosenlies immediatelyadjacentto the last one,
which meansghata, for the previous coneis a1 for the new coneso a searchfor the
new line locationin the bins hasbeenavoided. Theinitial intersectionpointsfor this
new bin’s polygonsarealsoknown asthey arethe sameasthosewhich closedthelast
bin. This processs continuedfor eachfacein the coneresultingin a setof intersec-
tion polygonsfor theintersectiorbetweeroneconeandthe silhouetteof another The
examplein Figure4.6f shows the creationof four intersectionpolygonsfor onecone
face. Sinceeachconegetsintersectedvith eachotherconein the overall operation
of thealgorithm,anindividual conefacetakespartin oneintersectiorfor eachof the
otherviews in the setupand thereforethat numberof setsof intersectionpolygons
is producedfor eachconefacefrom this stageof the process.In orderto primethe
setsof intersectiormpolygonsfor intersectiorbetweerconefacesets,it is necessaryo
amalgamatéhe membersof eachset. It wasproposedo employ aclipping algorithm
suitablefor calculationof boththe unionandintersectiorof setsof arbitrarypolygons.
A library in C calledthe GenericPolygonClipping library (10) wasusedfor this pur-
pose.Thelibrary useghegenericsolutionto polygonclipping algorithmdevelopedby
Vatti (15). Thisis arobustalgorithmwhich allows corvex, concae or self-intersecting
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polygonsto be clippedwith goodefficiency. In the algorithm,onepolygon(the sub-
ject) is clippedagainstanother(the clip). A polygonis definedby a setof left anda
setof right bounds.Boundsbegin at a local minimum andendat a local maximum.
Subjectandclip polygonsaretraversedonceto specifythe bounds. Eachedgeof a
boundis assigned flag dependingon whetherit is a clip or subjectedge.Next a setof

horizontallinesis definedwith onepassinghrougheachvertex in subjectandclip so
thatadjacenpairsof linesdefinea horizontalstrip. All theedgesn a strip areadded
to alookuptableafterbeingorderedoy increasing« coordinateatthe baseof the strip.

Left andright boundverticesare classifiedasthosewhich startor enda boundwhile

intermediateverticesdo not. Verticesarefurtherclassifiedaccordingo which clipping

operationhasbeenspecified.With this setup,horizontalstripsaretraversedvertically
andintersectiondetweeredgesn eachstrip areevaluatedandassignedo the output
relative to the clipping operation(15). Thusfar, for a singleconeon coneintersection,
the algorithm producesone setof amalgamatedhtersectionpolygonsfor eachcone
face. To calculatethe final visual hull requiresthe pairwiseintersetionof eachcone
with eachothercone,so for example,for a four-camerasetupthe numberof combi-
nationsof cone-conentersectionss twelve. For n cameraghis figureis nx (n—1)

intersectionsThuseachconegetsintersectedvith (n-1) othersandby the endof the
overall calculations,eachconefacewill contain(n-1) setsof intersectionpolygons.
Eachof the (n-1) setsmustberesolhedto createthefinal facesof thevisualhull. This

is whatthe remainderof the algorithmis concernedvith. The operationof the main
algorithmcanbe specifiedasfollows:

for eachcone
extractcontour
for eachothercone
malke edge-binset(seefigure4.6b)
for eachconeface
2D intersectwith edgebins
union of intersectiorpolygons
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 concernedvith
recovering3D informationfrom theprojectedconefaceintersectionsn 2D; thesecond
with resolvingthecontritutionthateachsetof (n-1) polygonsmakestowardseactfinal
visualhull face.

4.3.1 Recovery to 3D.

In orderto computethe final visual hull faces,intersectionpolygonsmustfirst be
projectedback onto the representationf the conefacein 3D to which they belong.
The processof back projectioninvolves specifyinga 3D planarrepresentatiorof a
conefacefor the projectedcone,thencastingraysfrom the silhouetteview’s camera
centrethrougheachpoint on the intersectionpolygon formed within the projection
of the coneface. Knowledgeof the projectionmatrix gainedearlierin the pipeline
is usedin this process.The rayscastthusin 3D will projectbackontothe 3D cone
face,wherethe intersectionof ray andplanecanbe obtained.To calculatethe planar
representationf aconeface threepointsin 3D mustbespecified.Thefirstis obtained
from the valuefor the cameracentre,which is obtainedfrom the extrinsic translation
componentecoveredduring calibration. The othertwo pointsof the planecomefrom
thetwo imageplanesilhouettecontourpointsandthe reverseof the projectionmatrix
which definedthoseimage points. As discussedn chaptertwo, world points can
not be obtaineddirectly from the operationof the inverseprojectionmatrix on the
imagepointsit describesbut the directionin which aworld pointlies may be gained.
Calculationof the intersectionof eachdirectionalindicator (line) with the planeat
infinity definesa world point. The cameracentre,the two pointsat infinity andthe
conefaceareall coplanarandsoit is a caseof obtainingthe coeficientsof the plane
equationthroughapplicationof linear algebrato the coordinatef the threepoints.
To obtainthelocationof aray projectedthroughanimagepointto whereit meetsthe
planeatinfinity, a portion of the projectionmatrix is used.Writing

P=[Mip4]
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whereM is thefirst 3 x 3 submatrixof P whichrepresenttheproductKR (internal
calibrationandrotation),the cameracentreis givenby

C=-M1p
andanimagepoint backprojectedo a pointatinfinity, D, is givenby
D=(M)",0)"

Thedefinitionof eachback-projecteday is achiezedin the samemannerthistime
usingthe projectionmatrix for the cameraimagingthe silhouettewhich definedthe
intersectionpolygonsandthe verticesof the polygonson the imageplane. Camera
centreandpoint atinfinity describethe parametriaepresentationf aline in 3-space.
Algebraiccombinatiornof conefaceplanecoeficientsandparametriequationsllows
theparameteit’ to besolvedwhichthendefinegheintersectiorof ray andfacein 3D.

4.3.2 Intersection in 3D.

With (n-1) setsof intersectiompolygonsrecoveredin 3D, all thatremainds to compute
theintersectiorof the sets.Againtheintersectiorcalculationcanbereducedrom 3D
to 2D asall setsof polygonsfor aconefacelie in the planeof thatconeface.With this
obsenation, the methodemployed to obtainthe intersectionss to first calculatethe
normalvectorto theconeface.Thisis donesoasto discoverin which Euclidearplane
to carryout theintersection.To achieve this, the absolutevaluesof the normalvector
componentareexaminedandthe largestvaluedroppedeaving the planein which to
calculateintersection. This works becauséhe largestnormal vectorcomponenwill
lie furthestfrom the planemostcloselyorientedto the conefaceplane. This method
avoidscasesuchastrying to intersecin thex-z plane for polygonslying in avertical
coneface.Intersectionin xy or xz or yz is thencarriedout usingthe GenericPolygon
Clipping library andthenthedroppedparameters recoveredby interpolationbetween
the othertwo parametersisingthe coeficientsof the conefaceplaneequation.This
processis repeatedor eachconefacein eachconeandthe resultingintersections
constitutethefinal visualhull faces.This marksthe endof the pipelinewherebyit has
beenexplainedhow polyhedraimodelsmaybereconstructeffom setsof images.The
following sectiondiscussesletailsspecificto theimplementatiorstructure.
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4.4 Program Structure .

As statedn chaptetthree thelanguageusedin themainimplementations C++. Basic
structurefor the programcomponentfiasall extraneousieadelcomponentandclass
declarationsn a singlereferenceheadeffile. Thefunctionality of classesith related
behaiouris definedn threemainutility files,while arelatively compacimainfunction
coordinateghe partsinto a whole. A basicdesignconsiderationin objectoriented
programmings to represenall the nounsin the descriptionof the problemasclasses,
while theverbswill likely correspondo majorfunctions.A descriptionof thepipeline
presentedhere might take the following form: "extract silhouettecontoursfrom the
input imagesandrepresentachasa silhouettecone of conefaces. Constructa set
of edge-binscomposedf bins of edgesfor intersectionin 2D. Intersectall pairs of
conesto produceintersectiorpolygons.Back projectandintersectin 3D.” Perusabf
the classdescriptionswhich follow will shav thatmostnounsandverbsin theabove
desriptionarerepresenteth abbreriatedform by classeandmemberfunctions. The
behaiour of the classess designedo reflectthesemeanings.

4.4.1 Description of Classes.

Theexceptionto theaboveruleis thespecificatiorof thetwo classesyec4andmat4x4,
designedo representhe behaiour andfunctionalityrequiredof 4 x 1 columnvectors
and4 matricesrespectiely. In theabsencef abstracbaseclassesn theimplementa-
tion, thesetwo classesepresenthe mostbasicobjectswhich all otherclassesuitilise
exhaustvely throughouthe operationof the program.Functionsin theseclassegorm
thebasictoolsfor the system.

4.41.1 matdx4 class.

The mat4x4classis usedto describeall matricespresentedn this report, calibration
K, projectionP, essentiak, fundamentaF, rotationR, andtranslationT. Therank of
matrix the classrepresentseflectsthe maximumrank of matrix requiredfor transfor
mationsin 3D homogeneousoordinates.Wherematricesof lower rank arecreated,
the spareelementscansimply be setto zero. Floatingpoint precisionin the elements
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represents.compromiseébetweeraccurag andmemoryefficiency. Severalbasicma-
trix operationsare defined. Matrix multiplication and addition are definedas over

loadedoperatorfunctionsalongwith the vectorresultof the productof a matrix and
avector Orthogonalrotationis definedin rot x(), rot.y() androt z() andtranslation
in trans(). The transposef a matrix is takenwith transpose(andrepresentatiomasa
skew-symmetricmatrix with skew(). More specialisednatrix functionsare:

e read()locatesanasciifile representatioof sixteenfloating pointnumbers.The
functionreadghevaluesinto elementf amatrix.

e projection()calculateghe projectionmatrix for a particularcamera.The func-
tion obtainsthe calibrationmatrix andthe rotation/translationransformmatrix
via callsto read()andthencomputeghe productof the two.

e essential()specifiesthe attemptto computethe essentiaimatrix betweentwo
cameragrom the product|[T|«R. To calculate[T], thetranslationbetweerthe
two cameracoordinatesystemorigins is evaluated. The skew-symmetricrep-
resentatiorof the resultingthree-componentectoris obtainedwith a call to
skew(). Next the relative rotation betweencamerasystemss calculatedfrom
the cameras positionsin world space. The matricesrepresentinghe world
transformfor both cameragRT productmatricesconstructedrom the extrin-
sic parametersareread. Only the upper3 x 3 submatrice®f thesetransforms
representherotationcomponensothetranslationablementsaresetto zero.To
obtainthe relative rotation,the inverse()of oneof the matricesis obtained(see
inversefunction)andtheproductof thisinverseandtheothermatrixis evaluated.
Theresultdescribeselative rotationbetweerthetwo systems.

¢ fundamental(usestherelationF = K'~TEK~1 describedn chaptertwo to cal-
culateF betweertwo cameragrom the calibrationmatricesfor thecamerasand
the essentiamatrix. This involvesreadingin calibrationmatriceswhich arein-
versedandoneinverses alsotransposediheproductof thetwo andtheessential
matrix described- for thetwo views.

¢ inverse()incorporateswo numericaltechniquedaken from (16). Calculating
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theinverseinvolvesdecomposinghe matrixinto loweranduppertriangularma-
trices(LU decompositiomoneby the functionludcmp())which definea system
of equationsolvableby forwardandbacksubstitution(in thefunctionlubksb()).
Theinverse()function processeghe matrix columnby columnusingits LU de-
compositionpassedo thelubksb()function.

4.4.1.2 vec4 class.

The vec4 classis the abstractionof a 4 x 1 columnvectorandis usedprimarily to

represenhomogeneoupointsin 3-space.Thusthe membersarefloating point fields

X, ¥, z, w. As for matricesof lower rankin the mat4x4class,vectorswith lesscom-

ponentsarestill createdasobjectsof the vec4classwith redundantomponentbeing

zeroed.In otherpartsof the programimagepoint (homogeneousr otherwiselusethe

classwith the sparecomponent®eingusedto carryflagsandidentifiers.Basicvector
operationsare definedafter constructorand initialiser functions. length() calculates
thelengthof the vectorby Pythagorasndnorm() normaliseshe vector cross()cal-

culatesthe cross-producandvecintAngle()calculateghe anglebetweenwo vectors.
getDist()calculateghedistanceébetweerntwo vectorendpointsvPrint() printsavector
to stdoutalongwith a string. Variousoperatorsareoverloadedo allow addition,sub-

tractionandthe dot-productof vectorsand betweenvectorsand matrices. The more

specialisedrectorfunctionsare:

¢ intersectEdgeLinefpkesa 2D polygonedgerepresentedly two endpointsand
the coeficientsof a 2D line in slopeintersectform asinput. The slopeintersect
form of theline betweerthe edgeendpointss computedhenthe cross-product
betweenthe two linesis calculatedwith a call to getLinelntersect() Theresult
is avec4representinghe point of intersection.

¢ quicksort()andpartition()aretheimplementatiorof theefficientquicksortalgo-
rithm for sortinganunorderedist. Thefunctionis implementedo sortalist of
vectorsby oneof thevectorcomponentsWhile thelist is unorderedthe quick-
sort() function recursvely calls itself to work on two partsof the list, with the
split pointbasednthevaluereturnedoy the partition() function. The partition()
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functionalsodoesthe physicalswappingof elementsn thelist.

e camCoords(talculateshecoordinate®f aworld pointin thecameracoordinate
frameby readinganRT productmatrix from afile andreturningthevectorresult
of the productof this matrix andthe vectorrepresentationf the world point.

¢ imgCoords()}doesthe sameascamCoords(ith the additionaloperationof the
calibrationmatrix for thatcamerao yield thehomogeneougu, v 1) imagepoint
representationf aworld point.

¢ getCentre()}computesthe location of the centreof projectionof a camerain
world coordinatedrom its extrinsic parametersThe RT matrix is readin and
theupper3 x 3 submatrixrepresentaingptationis extractedandits inversecom-
puted. The productof this inverseandthe original RT matrix resultsin a4 x 4
matrix equalto theidentity matrix exceptfor theupperthreeelementsn thefinal
columnwhich containthevaluesfor the cameracentreposition. Theseelements
arewritten to a vectorandthis resultreturned.

e getTcamAB() calculateghe translationbetweentwo cameracentresin world
coordinatessa vectorfrom thedifferencebetweerthe cameracentres.

e exactimgPts()Js afunctionwhich usestheactualmodeldatato calculatewhere
known world pointsprojectto a camerasmageplanefor its projectionmatrix.
This is usedto obtainpoint correspondences the absencef accuratevalues
for F. Thesepointsareintroducedinto the StructureandMotion library (14) to
obtainaccurateversionof F.

Six classesare definedto representhe behaiour and functionality requiredto
model edgebin construction,intersectionin 2D and calculationof visual hull faces
thatform the stagef the PVH algorithm. The classesare Edge,EdgeRiir, Polygon,
Bin, EdgeBinSeandConeface.

4.4.1.3 Edge class.

Thisclassis asimpleclassdesignedo represenanedgein 2D or 3D. It consistof the
projectedvectorrepresentationf two endpointsa constructormandaccessofunctions
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to initialise/ updateandretrieve the membeffields.

4.4.1.4 EdgePair class.

EdgeRiir classinheritsall functionality from classEdge. An EdgeRiir objectholdsa

pairof Edgeobjectswhicharethosetwo edgesvhichmeetattheverticesin thesilhou-

ettecontour Specificationof this classof objectallows accesdo adjacentendpoints
in thelist of cyclically orderedpointsduring constructiorof the edge-bins.The class
consistf two protectededgefields,a constructomndaccessofunctions.

4.4.1.5 Polygon class.

The Polygonclassmimics an arbitrary sizedpolygonasa list of points(asvec4ob-
jects). Functionalityis built into the classso that a polygon may be initialised in a
completedform or constructedrogressiely. In orderto achieve this, objectsof the
classarerepresentethy an extensibletemplateclassdequeobjectfrom the Standard
TemplateLibrary. Also specifiedarea constructorandvariousaccessofunctionsto
initialise, enlage andprobetheinternalstateof the object.

4.4.1.6 Bin class.

TheBin classrepresentanedgebin definedby two a (2D line gradient)valuesa; and
a for the startandendboundsof the bin, andan extensiblelist of Edgeobjectsheld
asatemplateclassvectorobject.EachBin objecthasaninternalmechanisntriggered
externally on completionof bin constructionwhich ordersthe Edgeobjectsin the bin
by increasingdistancefrom the projectedconeepipole. Theresultis a pointerto alist
of Edgeobjects.

4.4.1.7 EdgeBinSet class.

ClassEdgeBinSedefinesthe behaiour requiredto constructa setof edge-bingor
eachsilhouetteandalsoto performthe constructionof the 2D intersectionpolygons
thatresultfrom eachcone-silhouettentersection.Theclassinheritsfrom the Bin class
andconsistf severalprotectednembeifieldswhich areassignedialuesvia accessor
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functionsandthreemainclassfunctions.Thosefunctionsorderasilhouettes pointsby
the alphavalues(orderPointByAlpha()) constructa setof edge-bingmakeEdgeBin-
Set())andcomputea cone-silhouetténtersectionConeSilhtintersect())Thefunction
OrderPointsByAlpha()s calledat an early stagein the makeEdgeBinSet(junction.
Eachpointin the cyclic list for the silhouetteandthe projectedepipoleform a line.
The gradient(alpha)of this line is calculatedandassignedo the'w’ field in thevec4
representationf the point. Whenall pointsaretreatedthus,the wholelist of pointsis
sortedby their alphavaluesvia a call to quicksort(). The makeEdgeBinSet(junction
beginshby initialising a protectedclassmemberfield calledvWS which holdsthevalue
for the cameras centrewhich is responsibldor the silhouettebeingusedto construct
a setof edgebins. Next the numberof Bin objectsis specifiedbasedon the number
of pointsin the silhouette. The silhouettepoints are orderedby alphaas explained
above. A shortroutinethencreatesan EdgeRiir objectfor eachpointsoasto associate
the two edgeswhich emanatdrom that pointin the cyclic list with eachpointin the
alphasortedlist. This allows the immediateexaminationof the alphavaluesfor the
oppositeendpointf eachalphapoint’s associate@dgesn the contour As explained
earlierin the chaptey edge-binsare constructedn orderof alphavaluesfor pointsin
the alphalist usingthe algorithmin figure 4.6 to govern edgeselectioncriteria for
eachbin. Thesetof binscreatedandthe alphaorderedist initialise protectedields of
the EdgeBinSebbjectalongwith integerfields to specifythe extentsof thosefields.
The ConeSilhtintersectfunctioncalculatesntersectiorpolygonsin 2D, conefaceby
conefacefor eachcone.An orderly setof eventsoccursfor eachcall of this function:
asetof intersectiorpolygonsis definedfor eachconeface;theamalgamatiomf these
polygonsis obtained;the resultis projectedbackonto the 3D coneface. The latter
two eventsarespecificto eachindividual conefaceandso the functionswhich cause
theseactvities areheld in the ConeRaceclass. To performthe intersectionthe par
ticular silhouetteconeobjectandsetof edge-binsareretrieved. Thefirst conefaceis
locatedwithin the setof binsby testingbin boundsalphavaluesto seeif the coneface
lower boundfalls betweerthe bin bounds.Whenthe correctbin is foundintersection
proceeddy traversingbinsin thedirectionof theupperconefacebound,constructing
polygonsontheway asdescribedn thediscussiorearlierin thechapteionintersection



Chapter 4. Implementation 49

polygonconstruction.As discussedto build eachpolygonthe edgeswhich initiate it
areaddedin orderof occurrenceand pointswhich closea polygonareaddedbefore
andafterthe first two points. Lines usedto form the intersectionpointsare selected
basedon whethera bin boundor a conefaceboundwill be encounteredhext in the
progressingonstruction Whena setof polygonshasbeenbuilt for eachface,the set
is unionedandthe unionsetis back-projectedboth Conefacefunctions).

4.4.1.8 ConeFace class.

The ConeRaceclasscontainsthe parameteranddescribeshe behaiour of eachsil-
houetteconeface. EachConeFRceobjectis describedby the line equation,slopeof
eachbound,andimagepointsresponsibldor theface.Furtherprotectedields consist
of atemporarystorefor eachsetof intersectiorpolygonsspecifiedasavectortemplate,
avaluefor theworld coordinateplanelying closesto thenormalto the coneface,and
the coeficients of the planeequationthat representshe face. The latter two pieces
of informationareusedin back-projectingpoints calculatingintersectionsn a plane
in 3D. Besidesaccessofunctionsaffording an interfaceto the protectedmembers,
the two main classfunctionsare the function to amalgamatentersectionpolygons,
getUnionOfBinPolys()andthefunctionto projectpolygonsbackto the 3D coneface,
backProject().The getUnionOfBinPolys(functionis calledfrom within the ConeSil-
htintersect(functionon completionof thecreationof intersectiorpolygonsfor acone
face. Thefunctionutilisesthe GenericPolygonClipping library (10) by looping over
eachpolygon. Thefirst andsecondpolygonsare clippedwith the UNION operation
andthe resultis then clipped with the next polygonin the loop. In this manneran
overallunionof all polygonsin thatconefaceis produced.ThebackProject(function
calculateghe equationof the planecoeficientsrepresenting conefaceby obtaining
threeworld pointson the coneface,asdescribecdearlierin the chapter Onepointis
the cone(cameraxentreheldin the vVWC field for the objectrepresentinghe silhou-
ettecone(seebelow). Theothertwo pointsarewhereback-projectedaysthroughthe
imagepointsdefiningthe facemeetthe planeat infinity. The parametricrepresenta-
tion of aray througheachintersectiornpolygonpointis obtainedin the samemanner
The parameteit’ is thencalculatedandsubstitutednto the line equationdo definea
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pointin 3-space.Thesepointsarewritten outto atemporaryfile createdat the call to
ConeSilhtintersect().

4.4,1.9 SilhtCone class.

A singleclassis usedto carry out the functionsinvolved in imageprocessinghein-
putimagesanddefiningthe behaiour of a silhouetteconeproducedhus. The whole
imageprocessingsectionof the pipelineis achiezed usingone functionin the class,
getSilht(). A call to this function causes singlesequencef executionwhich results
in the extractionof a silhouettecontour The functiondraws hearily onthefunctional-
ity providedby variousVTK classesThefirst operationis to allocatethevalueof the
particularcameracentreto a protectedield via a call to thegetCentre(junction,with a
parameterdentifying thecameran thefunctioncall. VTK graphicalinitialisationob-
jectsarethencreatedo allow theimageprocessingbjectsto berenderedTheimage
processingipelinebeginsby readinganimageinto anobjectof anall-purposeeader
classvtkPNMReader The outputfrom this objectis passedo the marchingsquares
algorithmvia an objectof classvtkMarchingSquaresvherethe imageis contoured
with the specificatiorthata single contourbe produced.The calculationis forcedby
attachingthe marchingsquaredilter to amapperobjectwhichis thenrenderedria an
actorobject. The contourresultproduceds anexhaustve list of point pairsrepresent-
ing isolinesegments.To preparehedatafor inputto thetriangulationproceduregvery
secondoointis assignedo alist of objectsof classvtkPoints,abasicpointrepresenta-
tion class.This requiresthata numberof sequentiatalls backward throughthe class
hierarchyis madein orderto accesraw data(VTK is designedo hide suchdetails
from the user). Triangulationand decimationare performedby the vtkDelaunay2D
andvtkDecimationclassesA setof parametergoverningthe behaiour of operation
of thesealgorithmsis specifiedby a setof valueschosenon the basisof a command
line parameterThe outputfrom decimationis a setof tuplesof four points,represent-
ing a countof thepointsin eachoutput(whichis threein the caseof triangles)andthe
list of pointsitself. Sharedverticesin the outputmeshrepresentedundantiatain the
final contour The next partof the functionis to make the contourdatausableto the
restof the program. A loop is setto transferthe decimatecutputin VTK formatto
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a format moreamenabldo the restof the program. The transferproceedsy adding
non-duplicatepointsto a vector object. Duplicationtestinginvolves constructinga
frequeny arraywhichis thesizeof thewhole numberof pointsoutputby decimation.
Eachpointthatis acceptedasits identifying locationin thearrayincreasedrom zero
to one. Thetestfor acceptancef a pointid thatits identifying locationvaluein the
arrayis zero.In thisway duplicatepointsarediscardedThefinal taskof the getSilht()
function s to seethat the contourpointsare orderedcyclically. This is achiered by
passingthe outputpointsto the subsidiaryfunction, orderPointsCyclically(). As dis-
cusseckarlierin the chaptercyclical orderingof pointsis achieved by testinga point
againstall active pointsin the list by relative distancefrom the currentpoint. The
nearespointis addedo thelist to front or reardependingn thevectoranglebetween
the current/n&t and current/prgious point pairs. A further constrainton addition of
pointsis thatthe distancecalculateds above a certainthresholdvalue. This excludes
pointswhich aretoo closely spacedon the contour The final list of pointsis in the
form of avector Thelist formsa protectedield in the SilhtConeclasswhich in turn
specifiesthe size of a protectedinteger field. At the endof constructionof the list,
thesizeof this variableis usedto allocatea chunkof memorywhich holdsasequence
of ConeRceobjects.In this mannerthe classis usedto representhe silhouettecon-
tour andsilhouetteconegleanedrom theinputimage.Accessorfunctionsallow other
partsof the programto obtaininformationaboutthe classmembersThefirst capacity
in which conebehaiour is requiredis in the function projectCone(). This function
is calledearly on in 2D intersectionin ConeSilhtintersection@nd hasthe effect of
projectinga 3D silhouetteconeonto a 2D imageplane. This is doneby the function
taking eachof the orderedsilhouettepointsin the classs protectedield 'cycPts’and
calculatingthe line producedfrom the operationof the relevant fundamentamatrix
on the point. Valuesproducedn this processare usedto initialise memberfields in
eachConeFRceobjectin the cone: two vec4 objectsrepresentinghe coeficients of
eachconeboundaryline in line-intersectform, an alphavalue associatedvith each
line, andthe imagepointsusedto form the cone. After setsof intersectionpolygons
areproducedat eachconeface,thefinal expressionof conebehaiour is exhibitedin
the poly3DIintersect(function. This function calculategheintersectiorof the setsof
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intersectiorpolygonsfor all theconefacesin acone.Then x (n—1) fileswhichwere
createdo hold all the amalgamtedntersectiorpolygonsfor eachfacearereadinto a
four-dimensionabointerlist of vec4objectswhich representshe numberof conesin
onedimensionandthe numberof conefacedor eachcone,thenumberof polygonsin
eachface,andthenumberof verticesin eachpolygonin theotherthree.With this data
structureinitialised, the planeto do intersectionin is chosernfrom thefield setduring
back-projectiorandthe setof polygonsfor eachfaceis sequentiallyintersectedn 2D
usingthe GenericPolygonClipping library. This causesachvisual hull faceto be
clippedbackinto its final form. As with the polygonamalgamatiorstage jntersection
proceeddy thefirst setof intersectiorpolygonsbeingclippedagainsthe secondwith
theresultbeingintersectedvith the next setrevealingthefinal face.Eachfinal faceis
written out to afile in vtk formatto enablea constructegolygonrenderetto display
theresults.

4.4.1.10 Main Function.

The main() function coordinateghe subsidiarypartsof the programafter initialising
a setof global variablesbasedon commandine parametersntriduced. A first loop
initialises a numberof silhouetteconeobjectsas specifiedfrom the commandiine.
On completionof this loop a numberof silhouettecontoursresidein memoryand
the dimensionsof lists and memoryallocationsfor associatedbjectsare specified.
A secondloop createsn x (n— 1) edgebin setsandintersectseachconewith each
silhouette As describedreviously, thefunctionsassociateavith theseactionscauses
setsof amalgamatetack-projectedhtersectiompolygonsto beproducedor eachcone
face.A final loop callsthe 3D intersectiorfunctionfor eachconesothatthefinal hull
facesareproduced
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Results.

This chaptergivesdetailsof outputobtainedat eachstagein the operationof theim-
plementedsystem.The modelscenesetupsllustratedin figure 3.2 form the basisfor
all theresultspresentedhn this section.

5.1 Model Scene and Calibration.

As discussedn chapter3, the testscenesetupsdesignedn VTK gave rise to spatial
datarecordingthe transformationselating to eachof the specifiedcameras.These
datawereusedto constrainthe accurag of the sameparametersecoveredduringthe
calibrationprocedure Thevaluesbelow shav theresultsobtainedrom thetestscenes
in the left handmatrices,andthoseobtainedfrom the CameraCalibrationToolboxin
theright handmatrices.

[ 2359] [ 2279} [ 4046—‘ [ 3982—‘

cameral | 1766 | : | 1684 | camera2 | 1766 | : | 1701
[3012J {3009J [ 604 J [ 623 J
569 —648 2649 —2713

camera3 | 1766 | : | 1686 camera4 1766 | : 1700
3269 3266 1189 1205
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5.2 Image Processing.

Resultsachiezed from the imageprocessingipelinearein the form of successfully
contouredanddecimatedutputimages.Figure5.1aandb shovs an examplesetof
inputimagesthe contoursextractedby themarchingsquareslgorithmandtheresults
of thedecimationprocedureFigure5.1 ¢, d ande shovs the silhouettecontourwhich
resultsfrom thepointorderingalgorithmafterdecimation Figure5.1eshavstheresult
of poorly choserdecimationparameters.

5.3 PVH Algorithm.

Resultsobtainedirom the operationof the constructiorof edge-binsverefed through
the pipelineandcone-silhouetténtersectionsvere computed.Output producedafter
amalgamatiomf intersectiorpolygonsis shavn 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 shaws variousviews of thetwo modelsreconstructedrom 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
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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 Further Work.

6.1 Discussion.

Resultsgainedfrom the modelsceneand cameracalibrationstagesof the pipelineat
first glanceappeato suggesthatparticularlyaccuratezaluesmaybe obtainedhrough
the applicationof the calibrationtoolbox. The valuescorrespondingo the positions
of the cameracentrescomputedn calibrationareaccuratewithin a radiusof approx-
imately 80mm. An 80mm positionalerror is small comapredo the 4m distanceat
which the camerdies from the model. However, the imagesin figure 5.2bshow the
level of errorintroducedwhenevensmall errorssuchastheseareintroducednto the
calculations.In the absencef anothemethodto testthe accurag of the elementsn
the calibrationmatrix, little in the way of conclusionaboutthe resultsmay be dravn.
Thefactthattheelementselatingto focallength(K11 andK»») arealmostidenticalfor
avirtual camerawould suggesticcurag. The valuesobtainedfor the principal point
arealsowell constrainedthe imagesize usedfor the inputsis 600x 600, therefore
the principal pointis at (300, 300) correspondingvell to the (299, 299) calculatedoy
thetoolbox). The stageof the pipelinewhich dealswith imageprocessinghaws that
the contourextractionscomputedoy the marchingsquareslgorithmgive anaccurate
representatioof theinputsilhouette Also apparenbetweertheleft andright viewsin
figure5.1canddis thecasethataslightlossin fine detailof thegeometryoccurswhile
thecyclic orderingalgorithmis selectingpoints. To improve this, a smalloptimisation
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couldbeintroducedo retainfeatureverticesbasednthevectoranglebetweerpoints,
currentlyusedin thealgorithmto maintaincyclic orderingin selectionof initial points
in the point set. The resultsin figure 5.1eshawv the lossof coherencen the contour
which canresultin attemptingto decimateto too large an extent. The setof results
correspondingo valuescomputedor the fundamentamatrixin table5.4 againshav
minor differencedetweerresultsfor the setsof datafrom the sourcemodelandthose
recoveredusingtheresultsof calibration.However the artefictsapparentn figure 5.3
suggesthat significanterror is introducedfrom even minor inaccuraciesn the val-
uesof F used. Resultsshowvn in figure 5.4 representhe final outputof the pipeline.
Subjectve analysisof thefigurerevealsafairly goodoverall approximatiorto theini-
tial models,particularlyin the modelsproducedrom setsof four inputimages.The
fit is slightly poorerfor the three-cameraiews asexpected,but it is still possibleto
ascertairthe original form of the modelswhich producedthe images. The number
of artefactsin all imagesis fairly pronouncedandfailure to resole theseissueshas
resultedin the sparsityof representationproducedandlack of quantitatve analysis.
Time taken in resolvingmary of the errorsdiscussedereandin pinpointingmem-
ory acceswiolationsfrom inexperiencewith theimplementatiodanguageontributed
hugelyto this situation. Despitethesefactors,it is possibleto concludethat this ap-
proachto modelreconstructionis capableof producinggood overall representations
of the generatre models,especiallyusing setsof imagestaken from four cameras.
Significanterrorscompoundedrom the combinationof minor errorsin the pipeline
would suggesthataccurateenderingof modelsvia this techniqueprovesdifficult be-
causethe processattemptgo recover informationaboutexactly wherethe objecthull
IS, whenit is alwayssimplerto extractinformationaboutwherethe objectis not.

6.2 Further Work.

In orderto extendtheproject,it would bedesirabldo fully remedytheimplementation
so asto obtain good quantitatve data. Beyond this, as discussedn chapter3, the
image extraction processcan be extendedto operateon more complicatedimages.
Adding a robust backgroundsubtractionalgorithm could seethe systemextendedto
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beingimplementedn a real camerasetupandby spreadinghe assimilationprocess
to multiple hosts,it would be possibleto assesshe capabilitiesof the systemfor the
captureof dynamicscenesvith temporalconstraints.
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