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Abstract

This paperdiscusseswo efficient method for imagebasedrencering. Both algoiithms
apprximatetheworld object.Oneuseghecornvex hull andthe otheruseshevisualhull.
We shaw thatthe overheadof usingthe latteris not alwaysjustified andin somecases,
might evenhurt. We demastratethe methal on realimagesfrom a studiodik e settingin
whichmary cameasareused aftera simplecalibration procedure.

Thenoveltiesof this paperincludeshoving thatprgective calibrationsufficesfor this
computationandproviding simplerformulationthatis baseonly onimagemeasurerants.

1 Introduction

Thispapercorsidersthe prodem of imagebasedendeing givenmary imagesarourd an
object. Giventhis collectionof views we wantto geneatea new view of the scenefrom
somegivencameralor theapplicationof view synthesisthe goalis to quickly gererate
a new imagefor eachvideo frame In this case,the constretion of a full geonetrical
mode is not needd. Whenthe objectin the scenemoves, eachframemay presenta
substantiallydifferent object. Model constructia is a complex operatiom andupdating it
evenmoreso.

In recentwork, [12] shavedthatthis canbedore withoutusingvoxelsor opticalflow.
This resultsin a simplermethal of usingthe visual hull ([9]) for view synttesis. In this
papemwe shav thatstrict Euclidearncalibrationis notneedd andsothesamegeonetrical
computationcanbe donewhenonly projedive calibrationof the camera is perfamed.
We discussa specialcaseof the visualhull —the corvex hull —whosespecialform leads
to simpleralgorithmsthatmaysuffice, and,in somecasesmight be prefered.

1.1 PreviousWork

Thereis a an abundanceof work on scenemodeling from multiple views. In [1] optical
flow is usedto synthaize novel views from two similar views. In [4] severalviews are
usedto texturea 3D graphical model,resultingin arealisticlooking scene.Thisrequires
aconsideableamouwnt of manwal work andthusis notapplicableo aconstatly changim
scene.The multi-camea studiosettingin [7], in which mary synchrmizedcamerasre
usedto capturea sceneresemble®ur setting. Two methals areusedin [7]. Onerelies
ona pairwisestereaalgorithm in which depthmapsfrom severalnearly camergairsare
combined. Theresultingsurfacesarethencombinedandtexturedin space Shortconngs
of this apgroachincludetherelianceon texture for establishingcorrespnderte, low ac-
curagy resultingfrom the smallbaselinedbetweerthe cameragnda heary computational
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Figurel: Corvex andvisual hulls of a simplescene.1(a) Two bourding planesin each
imagedefinethe corvex hull. 1(b) Theresultingcorvex hull is usedasanapproxmation
to the shape.1(c) Any numkber of bourding planesin eachimagedefinethe visual hull
1(d) Theresultingvisualhull. As canbeseenthereareghcst artifactsin the shape.

@) (b) © (d)
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Figure2: Imagewarpingprocess:2(a) Top view of a sceneobjed. 2(b) Silhouetteis

extractedin two views. 2(c) Theintersectiorof the silhouetteglefineshe approxmation

of the object. 2(d) For eachpixel in a new view, aray is castandintersectedvith the
corvex hull. 2(e) Backwardfacing planesare eliminated 2(f) Only oneintersection
pointsatisfiesall the constraints2(g) This pointis prgectedontothe sourceimage.2(h)

Thepixel is coped ontothetargetimage.
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(a) Imageandsilhouette (b) Bounday () 2D Corvex (d) 2D Visual
hull Hull

Figure 3: Representinghe silhouettes:(a) One of the input imagesandthe silhouette
whichis extractedautoratically. (b) the boundaryof the silhouette.(c) The convex hull
of the silhouettes usedto definethe corvex hull of the 3D object. (d) Approximation of
thesilhouettewith upto 100line segmerts. Thecollectionof segmentsdefinedthevisual
hull of the3D objed. As canbeseenthis optioral stepchangsthesilhouetteverylittle.

load. [9] definesthe Visual Hull which is usedin work asin [8] wherea discretecom-
putationof the visual hull shavs the usefulnes®f sucha representatiorfor multi-view
synthesisThe useof voxels simplifiesshapeepresentationwhichis othemwise hard Its
drawvbackis the addel quartization errordegradingthe recorstruction. In orderto over-
comethis, pagerssuchas(3, 5] and[10], useothermeango “smoah” the voxels. Also,
the 3D volumeric represetation limits the usability asit allows only small numker of
voxels to be useddueto significantmemay andcompuationalrequrements.[11] uses
an Octreerepiesentatiorin orderto alleviate this. Note thatthe needto positionthe 3D
grid itself requires Euclideancalibration

This pape is organizedasfollows. The differert representationsindtheir constrie-
tionis discusseth section2 followedby adetaileddescriptio of thealgorithmsin section
3. Sectiond compaesthetwo methals.

2 Modd Construction

We assumehat mary projedively calibratedviews of the world are available andthat
automaic extraction of the silhouettesof the objectsis done(using[6]) . Thegoalis to
usethisinformationto createnew views. Creatinghenew viewsrequires someestimation
of theshapeusingwhich, we canwarpthe existingimagesto createa new view.

For this pumpose therepresentatio of the shapeneed to be ableto answeronetype
of quel: Whatis theintersectionof any givenray with the shape?

In this paperwe considertwo shaperepresetations. The cornvex hull andthevisual
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hull. As seenin figure 1, bothrepresetationsprodicea polyhedralmocel. The corvex

hull resultsa corvex polyhedronandthe visual hull may resulta more complec shape,
possiblywith severalconneted commnens. Both shapesreupperbourdsontheactual
objectandthevisualhull providesatighterbourd.

Oncewe have the paraméers of the new imagewe wantto syntheize (centerof
projedion, oriertation, size, etc.) we cansimulatethe processof takinganimage. We
shoot(lift) araythrougheachpixel asshavn in figure 2. Theclosestintersectiorof this
raywith theobjectis theworld point whosecolorwouldberecoradin this pixel position.
Sincethereare mary views of the object,a goodestimateof this color canbe given by
inspectinghe projectia of this pointontothegivenimages.

2.1 Convex Hull

The corvex hull of a shapeis definedas the intersectionof all half-spa&escontainirg
it. Givena finite collectionof views, candefinea finite setof suchhalf-sp@eswhose
intersectioris guaanteedpy thedefinitionof intersectim, to containthe corvex hull. As
we only have afinite setof views, we termit theappaentconvex hull.

Givenanimageof theobject,andthesilhoudte in thatimage eachline thatis tangent
to the silhoudte definesa world planethatis tangento the object(seefigure 4(b)).

Let! bealine in someimage,whosecameramatrixis M. The4-vectorIl = [ - M
is a world plare containingall the world pointsthat prgect ontol. This planedivides
the world poirts P into two groyss, thoseon the plane(IT - P = 0) andthosenotoniit
(IT- P # 0). Sincell is definedwith respecto a givenview, we canalsodistinguishthe
two sidesof it insidethe viewing frustumandsoIl candefinea half spacethatcontairs
all theworld pointswhoseprojection ontotheimagelies ononesideof [. II canbescaled
sothataworld pointP = [X, Y, Z,1] " lies“outside” of theshapef P - II < 0.

If 1 is tangentto the imageof the objectthenIl = [ - M is tangeh to the object.
Therebretheintersectiorof all the half spaceshatcanberecoreredfrom thegiveninput
imagesdefinethe apparat corvex hull of the object. The intersectiorof ary world ray
with the corvex hull is theintersectim with oneof the planeghatdefinest.

The corvex hull representationof the objectis thena collectin of planes{II ;}%_,,
eachof themis accompaied by animageline {I;}%_, with its correspondig camera
matrix.

2.2 Visual Hull

Oneof the definitiors of the visual hull is asthe collectionof world pointsthat project
insideall thesilhouetesin all possiblamages.Usingthis definition,givenafinite collec-
tion of images.ary given world pointwill belorg to thevisualhull only if its projectian
ontoall theimagediesinsidethesilhouette.

Justasthe corvex hull canberepresentedasa collectionof linesin thegivenimages,
thevisualhull canberepresetedby line sggmentswhereeachsegmentis locally tangent
to the silhouette(seefigure 3). This lets us treatthe visual hull asan extersion of the
previous case,or vice versa,treatsthe corvex hull asa specialcaseof the visual hull.
Theusefulressof this representatioris twofold. First, we reducethe amaunt of datathat
needgso bestoredastherearefewerpixelsonthebourdarythaninsidethesilhouette And
secondwe canuselesssegmentdor the descrigion with hardy degradingtheshape.
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While aline segmentdoesnotinduceavolumein spacehatwe canlaterintersect;t
doesanswerttheonly questiorthatwe needin orderto do view synthesis. Let R besome
ray in theworld. If the projectionof R ontheimageintersectgheline sgmentpg (see
figure4) thentheray R mightintersecthevisual hull atthe pointthatis theintersection
of R andthe planedefinedby the line containirg the sggmert. The true intersection
point hasto lie insidethe silhouetteandsoinformationfrom otherimages canrefinethis
computation.

The useof line segmeris insteadof (infinite) lines makesthe visual hull morecom-
plex andmorecompuationallyintensve. Thegainis thatit providesabetter(i.e. tighter)
represetation of the shape.In section4 we shaw thatthis addedcomgexity is not nec-
essarilyneededor view synthesi®f simpleobjects.

The visual hull representatiorof the objectis thenthe collectionof line sggmentsin
eachimage{(p;, ¢;) }*_, acconpaniedby their correspndingcameramatrices.

3 Algorithm Descriptions

In this sectionwe descrile the algorittmswe useto gengatenew views usingthe convex
andthevisualhulls. The specialform of thecorvex hull leadsto a simpleralgorithm that
is substantiallydifferent.

Theconceptal algoritim in bothcasess similar: we lift araythrougheachpixel and
thenfind theintersectiao of theraywith theshape Theworld pointthatis theintersection
is prgectedontoa sourceamageandthusinducesawarpingfunctionwhich gererateghe
targe image. The differencebetweerthe two methalsis the actualintersectiorwith the
shape.Also, specialgeometical propertiesareusedin eachcaseto bypasssomeof the
work.

Therearethreeimportant obserationshere:

1. Both the corvex andvisual hulls resultin polyhedralmodés andso the mappirg
betweensourceimageandthe target imageis dore via 2D plana honogragies.
Thetaskof thealgorithmsis to find the correcthonmograghy for eachpixel.

2. The above definition doesnot require a Euclideanframeof refererce, asthe only
relatiorshipis thatof inciderce (andnot, say perpeiicularity)

3. As bothrepresentationsusetangat planes,a 3D ray intersectsa facetonly if its
prgection intersectghe line that definedthe facet. This enablesusto do all the
computationsin (2D) imagespace.

Thecollectionof raysgiven by the new view needgo beintersectedvith therepreseta-
tion of the object. We describethe two differentmethals belov. Theintersectiorof the
rayswith theobjed givesthe (projective) depthwhich canbeusedfor view synthesis.

3.1 Rendering via Convex Hull

Let M bethenew view. Let O = null(M) bethecenterof projedion of thenew camera.
Raysthatemanatdrom M mightintersecthe corvex hull attwo points,front andback.
Regardessof the distanceto thesepoints, we caneliminateoneof themas O hasto be
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(a) Theverticesof thecorvex hull in- (b) An imageline | definesthe world
duceasubdvision of theimage.Each plare I through the origin of thecam-
polygon is mappedvia a planar ho- era. II is tangentto the objectif [ is
mographyH to the origina image. tangentto the silhoudte. The crucid

obsenration hereis thata3D ray R in-
terseets I1 only if its projedion inter-
secs!. Thislets ususell implicitly.

outsideof the half-spacedefinedby the planethatit is viewing. This canbe seenas
projedive backfceculling.

After this simplestepwe areleft with a collectionof planeghatareall facingtheright
way. Theintersectiorpoint of eachray R with the corvex hull hasto bein theinsideof
theremainirg half-spaces.

Thesimplestway of implementingit is to intersectR with eachof the planeslI and
maintainthe only onethat satisfiesall of the constrénts. This would require O(n * k)
wheren is thenumbe of pixelsin thenew imageandk is thenumbe of planes.

A betterway to do this is to compute the dual corvex hull of the planesandusethe
resultingedgesto divide the imageinto at mostn corvex polygonsasshawn in figure
4(a),eachcorrespodsto afacetof thecorvex hull. Computatio of the dualcorvex hull
is O(k - log k) andthe mappng of eachpolygon canbe dore via the graphics hardvare
andthusis independentof the number of pixels. The nunber of planes(k) is several
ordes of magnitule smallerthanthennumter of pixels(n).

3.2 Renderingviathe Visual Hull

Let R bearay emanatingrom thenew view M. In eachrefererceimage,theprojectian
r of R mayintersecsomeof thesggmens. Eachintersectiordefinesasemi-finiteinterval
alongr andthesentervalsdefinethe possibleregionsin the3D world that R canintersect
the object. Theintersectiorof R with the visualhull is the comman regionsin all given
views andsowe needto combne (intersect)theseregions.

Let ' and¥"” betwo views. Let o1, 03, ...0}, betheresultingcollectionof 2D seg-
mentsdefinedin ¥'. Eachsegmen o} = [start;, stop;] is definedby the (possiblyinfi-
nite) beginning andendingbourdaries,accordimy to someparamgerization,of the line
r'. Someotherview ¥", with sggmentso?, 0% ..o, hasa different paraneterizationof
therayr'’ andthusin orderto compue theintersectiorof thetwo rangesve needto map
oneontotheother As bothr' andr” areprgectionof R, they arerelatedthroughasingle
1D projedive transfomationthatcanbeeasilyrecoreredaspartof theinitialization step.
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Figure4: Eachline sggmert in eachimagedefinesa boundaryfor thevisualhull.

In ourimplemenationwe paraneterizethe pointalongtheray asalinearcombiration of
theepipde in theimageandthepointatinfinity alongtheray. Oncerecoreredit mapsthe
secondview ontothefirst andall thatis left is to intersectthe two rangeswhich canbe
donein time thatis linearin the nunberof segments.Finally, thefirst intersectiorpoint
is the point whoseprojectia is the closesto theepipolein therefeenceimage whichis
thefirst bourdarypoint aftertheintersection

(@) (b) ©

Figure5: Computatiorof the visual hull. (a) raysarecastfrom somegivenview point.
(b) Another view definesthe possibleintersectio rangesof therayswith thevisualhull,
shavn asbold line sggments. (c) anothewiew is addel andtherange areupdated. The
upddeis donein 2D (seetext).

4 Experiments

Oursettingincludess4 camerasocatedn theKECK laboratoy attheuniversity of Mary-
land. They arearrargedon eightcolumrs at four corrersandthe four wall centersof the
room andsynchionizedto captureimagesat video frame rate. We usethe methodde-
scribedabove to calibratethe system.The point matchedor the calibrationarecollected
by waving apoirt light sourcein the studiofor afew minutes.Its locationis extradedau-
tomaticallyandis usedfor prgective calibration.Thelight is visible in abait 40% of the
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Figure6: Comparisorof view synthesiswith corvex andvisualhulls. Theleft columm
shavs the sourcamageusedfor texturing. Theright columm shovsthedesiredargetim-
agefor compaison. Theinnercolumrs shov thewarpingof the sourcemageto recreate
thetargetimage.In thefirst row thetwo cameragreabore eachother forming anangle
of abou 30°. Notetheghostarmin thevisual hull image. The secondow correspond
to a45° anglebetweerthe cameras.
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Figure7: Behaviour in caseof sggmentatio erras. Oneof the silhouettesvasextracted
incorrectly 7(a). The corvex hull remainsthe same7(b) but the visual hull is distorted.
7(d) shavs the targetimagefor comparison.

views in eachframe,andwe automaically chose a subsetof camera that have points
in comnon for the calibration. The computationis propayatedonto the othercameras.
For robustress,we usethe RANSAC algorithm to rejectoutliers. A randan sample(of
6 or 12 points) is choseranda candidée cameramatrix is compued asthe leastsquare
solutionof the projectian equatia [2]. Thechosersolutionis the onethatminimizedthe
medianof the total distancedetweerthe measureg’ andthere-pojectedones.We do
not compesatefor radial distortionalthough the camerasreknown to have a distortion
of severalpixelsonthebowndary Thecalibratian gives cameramatriceghathaze median
reprgectionerrorof upto half a pixel while rejectinglarge outliers.

Figure 6 compaesthedifferencebetweerwarpingwith thecornvex hull andthevisual
hull. We useonesourceémageandwarpit to anexistingtargetimage whichwasnotused
in therenckring, asa measuementof the quality of the synthesis.We choseviews that
arefar apart. In the first row the camerasare aligned verticdly andtheir optical axes
form anangleof about30°. Bothimagessuffer from parallax Notethe ghcst armthat
appeaed in the reconstration from the visual hull. In the secondrow the camerasare
alignedhorizantally, forming anangleof about45 °.

Although the objectis not corvex, thereis a little differencein quality of the ren-
derings. The warpedimagesarecommsedby the pixelsin the targetimagethathadan
intersectiorwith the hulls. The differercesbetweenthe imagesaredueto the different
planeghatwereusedto definethe shape.n figure 6(f) for examge, it is evident thatthe
planesform a convex blob andsothefiguretendsto curve forward In figure 6(g) onthe
otherhand furtherplanesareusedandsothewarpingis lessmorotonais.

The corvex hull hasan adventageover the visual hull. As automaticextradion of
the silhouetteis known to be problematic,it often hapgensthat oneimagecontairs bad
segmeniation and partsof the objectsareleft out asis shovn in figure 7. In suchcase,
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thevisualhull will care thesepiecesaway while the corvex hull might not be affected.
As both methodsdefinethe shapeasan intersectionthey arelesssensitve to over seg-
mentation If thesilhouetten oneimageis toolarge it will justnotcontibuteto thefinal
shape.

5

Summary and Conclusions

We have presente@ unifiedframework for usingthe corvex andvisualhull thatrequires
only imagemeasuremntsandprgective calibration It is exterdible anarbitrarynumter
of views. Futue researctincludesincorporationof moreefficient algoithmsto do the
classificatiorof pixelsto the planarfacetsthatdefinethe shapeandthe fusionof several
imageto produceatargetimagethatis of higherquality thantheinputones.
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