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Abstract
Hybridgeometry-andimage-basedmodelingandrenderingsystemsusephotographstaken

of areal-world environmentandmappedontothesurfacesof a3D modelto achievephotoreal-
ism andvisualcomplexity in syntheticimagesrenderedfrom arbitraryviewpoints.A primary
challengein thesesystemsis to develop algorithmsthat mapthe pixels of eachphotograph
efficiently onto theappropriatesurfacesof a 3D model,a classicalvisible surfacedetermina-
tion problem.This paperdescribesanobject-spacealgorithmfor computinga visibility map
for a setof polygonsfor a given cameraviewpoint. The algorithmtracespyramidalbeams
from eachcameraviewpoint throughaspatialdatastructurerepresentinga polyhedralconvex
decompositionof spacecontainingcell, face,edge,andvertex adjacencies.Beamintersections
arecomputedonly for thepolygonalfaceson theboundaryof eachtraversedcell, andthusthe
algorithmis output-sensitive. Thealgorithmalsosupportsefficientdeterminationof silhouette
edges,which allows animage-basedmodelingandrenderingsystemto avoid mappingpixels
alongedgeswhosecolorsarethe resultof averagingover several disjoint surfaces. Results
reportedfor several3D modelsindicatethemethodis well-suitedfor large,densely-occluded
virtual environments,suchasbuilding interiors.

1 Introduction

Hybrid geometry-andimage-basedrendering(GIBR) methodsareusefulfor synthesizingphoto-

realisticimagesof real-life environments(e.g.,buildingsandcities). Ratherthanmodelinggeo-

metricdetailsandsimulatingglobalilluminationeffects,asin traditionalcomputergraphics,only

a coarselydetailed3D model is constructed,and photographsare taken from a discreteset of

viewpointswithin theenvironment.Thecalibratedphotographicimagesaremappedontothesur-

facesof the3D modelto constructa representationof thevisualappearanceof geometricdetails

andcomplex illumination effectson eachsurface. Then,novel imagescanbe renderedfor arbi-

trary viewpointsduring an interactive visualizationsessionby reconstructionfrom thesehybrid
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geometry-andimage-basedrepresentations.This methodallowsphotorealisticimagesto begen-

eratedof visually rich andlargeenvironmentsoverawiderangeof viewpoints,while avoidingthe

difficultiesof modelingdetailedgeometryandsimulatingcomplex illuminationeffects.

Applicationsfor GIBR systemsincludeeducation,commerce,training, telepresence,anden-

tertainment. For example,grammarschoolstudentscanusesucha systemto “visit” historical

buildings, temples,andmuseums.Realestateagentscanshow a potentialbuyer the interior of

a homefor saleinteractively via the internet[20]. Distributedinteractive simulationsystemscan

train teamsof soldiers,fire fighters,andotherpeoplewhosemissionsaretoo dangerousor too

expensive to re-createin therealworld [3, 26]. Entertainmentapplicationscansynthesizephoto-

realisticimageryof realworld environmentsto generateimmersive walkthroughexperiencesfor

virtual travel andmulti-player3D games[21].

Theresearchchallengesin implementinganeffectiveGIBR systemareto construct,store,and

re-samplea 4D representationfor the radianceemanatingfrom eachsurfaceof the 3D model.

Previousrelatedmethodsdatebackto themovie-mapsystemby Lippman[25]. Greene[18] pro-

poseda systembasedon environmentmaps[2] in which imagescapturedfrom a discretesetof

viewpointsareprojectedonto the facesof a cube. ChenandWilliams [6] describeda methodin

which referenceimagesareusedwith pixel correspondenceinformationto interpolateviews of a

scene.Debevecetal. [9, 10] developedasystemin whichphotographswereusedto constructa3D

modelmadefrom parameterizedbuilding blocksandto constructa “view-dependenttexturemap”

for eachsurface.Gortleret al. [17] usedapproximate3D geometryto facilitateimagereconstruc-

tion from their4D Lumigraphrepresentation.Coorg [7] constructedverticalfacadesfrom multiple

photographsandmappeddiffuseimageryonto the surfacesfor interactive visualization.Several

walkthroughapplicationsandvideo gamesapply 2D view-independentphotographictexturesto

coarse3D geometry[22]. Otherrelatedimage-basedrepresentationsaresurveyedin [8], including

cylindrical panorama[5, 28], Light Fields[24], andlayereddepthimages[33].

An importantstepin constructinga GIBR representationis to mappixel samplesfrom every

photographontothesurfacesof a3D model.Thechallengeis to developalgorithmsthatdetermine
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whichpartsof which3D surfacesarevisiblefrom thecameraviewpointof everyphotograph.This

is aclassichiddensurfaceremoval (HSR)problem,but with auniquecombinationof requirements

motivatedby GIBR systems.First, unlike algorithmscommonlyusedin computergraphics,the

HSRalgorithmmustresolvevisiblesurfaceswith object-spaceprecision. Image-spacealgorithms

maycausesmallsurfacesto bemissedor radiancesamplesto bemisalignedona surface,causing

artifactsandblurring in reconstructedimages.

Second,thealgorithmshouldcomputeacompletevisibility mapfor eachphotograph,encoding

notonly thevisiblesurfacesbut alsothevisibleedgesandverticeswith their connectivitieson the

view plane.Fromthevisibility map,a GIBR systemcandetectpixelscoveringmultiple disjoint

surfaces(e.g., alongsilhouetteedges)and avoid mappingthemonto any singlesurface,which

causesnoticeableartifactsin resampledimages.As anexample,considerthesituationshown in

Figure1. The imageon theleft shows a “photograph”takenwith a syntheticcameraof a simple

3D modelcomprisingtwo roomsconnectedby a door. Using a standardHSR algorithm(e.g.,

z-buffering), pixels along the silhouetteedgeon the left sideof the doorway might be mapped

onto thewall, floor, andceiling of thesmallerroom,eventhoughtheir colorspartially represent

contributionsfrom theedgeof thedoorframe.Theresultis a “line” of incorrectlycoloredpixels

in resampledimages(shown in theimageon theright). TheHSRalgorithmmustdetectsilhouette

edgessothattheseartifactscanbeavoided.

Third, the HSR algorithmmust scaleto supportvery large 3D models. Typical modelsof

interestingreal-world environmentscontainmany polygons,mostof which areoccludedfor any

givencameraviewpoint. For example,considerthe building shown in Figure2. The left image

shows a building (SodaHall) from the exterior, while the right oneshows the floorplanfor one

of seven floors. The entire3D modelcontainsaround10,000polygons. Yet, for mostcamera

viewpoints,more than 95% of them arehiddenfrom view. To be effective for suchlarge and

denselyoccluded3D models,a hiddensurfaceremoval algorithmmustbeoutputsensitive. That

is, theexpectedcaserunningtime shoulddependonly on thecomplexity of thevisible portionof

themodel,noton thesizeof theentiremodel.
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Original image Reconstructedimage

Figure1: Image(onleft) mappedontosurfacesof simple3D modelwithoutdetectionof silhouette
edgesleadsto artifactsappearingasa“line” of partiallyyellow pixelsonwall, floor, andceilingin
a reconstructedimage(on right).
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Figure2: A building (left) anda floorplan(right). Thevisibility for severalcameraviewpointsare
shown in cross-hatchpatternsin thefloorplan.
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Finally, thealgorithmshouldbetunedto acceleratevisible surfacedeterminationfor multiple

cameraviewpointsin asingleexecution.SinceGIBR systemsusemany photographsfor construct-

ing a GIBR representation,thecostof precomputinga spatialdatastructureto acceleratehidden

surfaceremoval cangenerallybeamortizedovermany computationsfor differentviewpoints.

Despitethe long history of prior work in hiddensurfaceand hiddenline removal in com-

putergraphics[34] andcomputationalgeometry[13], therearenot currentlyalgorithmsthatmeet

all the requirementsof a GIBR system. Researchin computergraphicshasfocusedmostly on

HSR algorithmsfor imagesynthesisat screenresolution. Examplemethodsincludepriority or-

dering[15, 31], recursive subdivision [36, 38], anddepthbuffering [4]. Meanwhile,researchin

computationalgeometryhasfocusedmostlyon proving asymptoticcomplexities of object-space

algorithms.Lower anduppercomplexity boundsfor thehiddensurfaceandhiddenline removal

problemshave beenprovento bequadraticin thenumberof polygonboundaries,andalgorithms

have beendescribedwith optimal performance[11, 27, 32]. Yet, thereis a dearthof practical

object-spacealgorithmswith attractiveexpected-caseperformance.

Debevec et al. [10] recentlydescribeda visibility algorithmfor a GIBR systemusingboth

image-spaceandobject-spacemethods.First, for eachcameraviewpoint, polygonIDs areren-

deredwith az-buffer into anitembuffer [37] forminganimage-spacerepresentationof thevisible

surfaces. Then, for every front-facingpolygon
�

in the 3D model,a uniform samplingof 3D

pointsis projectedontotheimageplaneandcheckedagainstthecorrespondingentriesin theitem

buffer to form a list of polygonsoccluding
�

. For eachsuchoccluder,
�

is clippedin object-space

againstplanesformedby thecameraviewpoint andtheoccluder’s boundary. Theproblemswith

this methodarethat it is not object-spaceprecise,potentiallymissingoccludersnot found by a

discretesetof samples;it is not output-sensitive, clipping every front-facingpolygonagainstall

its occluders;and,it doesnot detectsilhouetteedges,potentiallyleadingto visibility artifactsin

reconstructedimages.

Thecontribution of this paperis analgorithmthat computesa visibility mapfor anarbitrary

cameraviewpoint. The basicidea is to tracepyramidalbeams[19] recursively from a camera
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viewpoint througha precomputedspatialsubdivision of cells (convex polyhedra)connectedby

“portals” (transparentboundariesbetweencells). Jones[23] hasusedthis methodto solve a hid-

denline removal problemfor imagegeneration,Teller [35] hasusedit for occlusionculling in an

interactive walkthroughsystem,andFunkhouseret al. [16] have usedit for acousticmodeling.

A similar methodhasrecentlybeendevelopedby Fortune[14] for simulationof radio frequency

wave propagation.We extendthe recursive beamtracingmethodto computea completevisibil-

ity mapfor a setof cameraviewpointsandapply it to mappingphotographsonto surfacesin a

GIBR system.Thealgorithmexecutesat object-spaceprecision,it is ableto find silhouetteedges

efficiently, and its executiontime is output-sensitive for eachcameraviewpoint after an initial

precomputation.

2 System Organization

Theorganizationof our completeGIBR systemis shown in Figure3. Theinput to thesystemis:

1) a 3D polygonalmodelof theenvironment,and2) a setof photographicimagescalibratedwith

3D cameraviewpoints. Theoutputis a sequenceof syntheticimagesgeneratedin real-timeasa

simulatedobservermovesthroughtheenvironment.

Image Reconstruction

� � � 	 
 � � � �

 � � � � � �

� 	 � � � � � � �
� � � 
 � �

� � � � � � � � � �
� � � 
 � �

Winged−Pair Structure

Visibility Maps

Radiance Maps� � � � � � � � �
� � � � � � � �
 � � ! " � � � �

Surface Mapping

Beam Tracing

Spatial Subdivision
O

ff−
Li

ne
 P

re
co

m
pu

ta
tio

n

Figure3: Organizationof GIBR system.
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Thesystemis divided into four phases,threeof which performoff-line computationsto pre-

processthe input data. During the first preprocessingphase,a spatialsubdivision datastructure

is constructedto representthe topologyandgeometryof the 3D model. Next, beamsaretraced

throughthe spatialsubdivision to computea visibility map for eachcameraviewpoint. Then,

duringthe third andfinal preprocessingphase,thevisibility mapsareusedto mapregionsof the

calibratedimagesonto3D polygonsto createa setof radiancemapsrepresentingthe4D radiance

emanatingfrom eachsurfaceof the3D model.Finally, duringthefourth phase,syntheticimages

aregeneratedfrom theradiancemapsat interactiveratesfor anarbitraryviewpointmoving through

the3D modelunderusercontrol.

In this paper, we focuson the first two phasesof the system:spatialsubdivision andbeam

tracing.Thegoalof thesetwo phasesis to computea visibility mapfor eachcameraviewpointso

that photographicradiancesamplescanbe mappedonto the surfacesof the 3D model. Detailed

descriptionsof thelasttwo phasesarepurposelyomittedin thisdiscussion.Althoughwecurrently

useaview-dependenttexturemapto storetheradiancemapfor eachsurface(asin [10]), thereader

canimagineuseof any GIBR representationof the4D radianceemanatingfrom eachsurfaceof

a 3D model that can be constructedfrom a set of photographsaugmentedwith corresponding

visibility maps,e.g.,Light Fields[24] or Lumigraphs[17].

Theremainderof thispaperprovidesdetaileddescriptionsof ourspatialsubdivisionandbeam

tracingdatastructuresandalgorithms,followedby resultsof experimentswith several3D virtual

environmentsandabrief conclusion.

3 Spatial Subdivision

During the first preprocessingphase,our systembuilds a spatialsubdivision representinga de-

compositionof 3D space,which we call a winged-pairdatastructure.The goal of this phaseis

to partitionspaceinto convex polyhedralcellswhoseboundariesarealignedwith polygonsof the

3D input modelandencodethe topologicaladjacenciesof the cells in a datastructureenabling

output-sensitivetraversalsof sightlinesthrough3D space.
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The winged-pairdatastructureis motivatedby the well-known winged-edgedatastructure

describedby Baumgart[1]. Thedifferenceis thatthewinged-pairdescribestopologicalstructures

onedimensionhigherthanthewinged-edge.While thewinged-edgerepresentsa 2-manifold,the

winged-pairrepresentsa 3-manifold. Thereadercanthink of thewinged-pairdatastructureasa

setof “gluedtogether”winged-edgedatastructures,eachrepresentingthe2-manifoldboundaryof

asinglecell.

The winged-pairrepresentationis alsosimilar to the facet-edgerepresentationdescribedby

DobkinandLaszlo[12]. Bothencodeface-edge,face-face,andedge-edgeadjacency relationships

in a setof structurescorrespondingto face-edgepairs. Thedifferenceis thatDobkin andLaszlo

storea separatestructurefor eachuniquepair of faceandedgeorientations.For mostpractical

purposes,the differenceis insignificant,similar to the onebetween2D quad-edgeandwinged-

edgestructures.Althoughstoringseparatestructuresfor differentorientationscaneliminatea few

conditionalchecksduringtraversaloperations,it requiresextrastorage– a straight-forwardtrade-

off betweentime andspace.We chooseto storeexactly onestructurefor eachface-edgepair in

ourwinged-pairrepresentationto simplify codeextensionsanddebugging.

Pseudocodedeclarationsfor thewinged-pairstructureareshown in Figure4. Topologicaladja-

cenciesareencodedin fixed-sizerecordsassociatedwith vertices,edges,faces,cells,andface-edge

pairs. Every vertex storesits 3D locationanda referenceto oneattachededge,every edgestores

referencesto its two verticesandoneattachedface-edgepair, eachfacestoresreferencesto its two

cellsandoneattachedface-edgepair, andevery cell storesa referenceto oneattachedface.The

face-edgepairsstorereferencesto oneedge# andto oneface$ alongwith adjacency relationships

requiredfor topologicaltraversals.Specifically, they storereferences(spin) to the two face-edge

pairsreachedby spinning $ around# clockwiseandcounter-clockwise(seeFigure5) andto the

two face-edgepairs(clock) reachedby moving around$ in clockwiseandcounter-clockwisedi-

rectionsfrom # (seeFigure5). Theface-edgepair alsostoresa bit (direction) indicatingwhether

the orientationof the verticeson the edgeis clockwiseor counter-clockwisewith respectto the

facewithin thepair.
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classVertex %
Pointposition;
Edge*edge;&

;

classEdge%
Vertex *vertex[2];
Pair *pair;&

;

classFace %
Cell *cell[2];
Pair *pair;&

;

classCell %
Face*f ace;&

;

classPair %
Face*f ace;
Edge*edge;
Pair *clock[2];
Pair *spin[2];
Bit direction;&

;

Figure4: Winged-pairdeclarations.
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Clock(Pair(F,E),CW) = F,E1
Clock(Pair(F,E),CCW) = F,E2
Spin(Pair(F,E),CW) = F1,E

Spin(Pair(F,E),CCW) = F2,E

Figure5: Pair-pair references.
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Thesesimple, fixed-sizestructuresmake it possibleto executeoutput-sensitive topological

traversalsthroughcell, face,edge,andvertex adjacency relationships.For instance,finding all

faceson theboundaryof agivencell requires')(+*-,/.0*-132 time,where*-, and *-1 arethenumbers

of facesandedgesattachedto thecell, respectively. As in winged-edgetraversalsin 2D, simple

conditionalstatementsareoftenrequiredto checktheorientationof eachstructurebeforemoving

to the next. For instance,to find the cell adjacentto anotheracrossa given face,the C++ code

lookslike this:

Cell *CellAcrossFace(Face*f ace,Cell *cell) %
return(cell == face4 cell[0]) ? face4 cell[1] : face4 cell[0];

&

We build the winged-pairdatastructurefor any 3D model using a Binary SpacePartition

(BSP)[15], arecursivebinarysplit of 3D spaceinto convex polyhedralregions(cells) separatedby

planes.To constructtheBSP, werecursively split cellsby candidateplanesselectedby themethod

describedin [29]. As BSPcellsaresplit by a polygon
�

, thecorrespondingwinged-paircellsare

split alongtheplanesupporting
�

, andthefacesandedgeson theboundaryof eachsplit cell are

updatedto maintaina3-manifoldin whicheveryfaceis convex andentirelyinsideor outsideevery

input polygon.As facesarecreated,they arelabeledaccordingto whetherthey areopaque(coin-

cidewith aninputpolygon)or transparent(split freespace).Thebinarysplittingprocesscontinues

until no inputpolygonintersectstheinteriorof any BSPcell, leadingto asetof convex polyhedral

cells whosefacesareall convex andcumulatively containall the input polygons. The resulting

winged-pairis convertedto anASCII representationandwritten to afile for useby laterphasesof

theGIBR system.

4 Beam Tracing

In thesecondphaseof our GIBR system,we usea beamtracingalgorithmto computea visibility

mapfor every photograph.Beamscontainingfeasiblesightlinesfrom eachcameraviewpoint are
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tracedvia a depth-firsttraveralthroughthewinged-pairstructure,while correspondingconvex re-

gionsof thevisibility maparepartitionedrecursively. Thealgorithmis basedon recursive beam

tracingmethods[23, 16, 35], andit is relatedto recursive convex decompositions[30]. Thekey

featureis that topologicalinformationstoredin the winged-pairdatastructure(edge-faceadja-

cencies)is usedto constructa visibility mapwith topologicalinformationandexplicit silhouette

edges.

Psuedocodefor thebeamtracingalgorithmis shown in Figure6. During thetraversalfor each

cameraviewpoint, the algorithmmaintains: a visibility map 5 (a 2-manifold representingthe

geometryandtopologyof facesandedgesvisible to the camera),a current region 6 (a convex

2D region of the visibility map),a winged-pair 7 (asdescribedin Section3), a current cell *
(a referenceto a cell in the winged-pairstructure)anda current beam 8 (an infinite convex 3D

pyramidalbeamemanatingfrom the cameraviewpoint containingall sightlinespassingthrough

6 ). Initially, 5 are 6 areinitialized to onerectangularregion enclosingthevisible portionof the

view plane,7 is constructedfrom the3D modelasdescribedin Section3, * is setto bethecell

of 7 containingthe camera,and 8 is set to the four-sidedpyramid correspondingto the view

frustumof thecamera.

Duringeachrecursivestep,thefunctioncalledTraceBeamspartitionsthecurrentregionof the

visibility mapinto multiple convex subregionscorrespondingto intersectionsof thecurrentbeam

with faceson theboundaryof thecurrentcell. For eachface$:9 on thecurrentcell andintersecting

the currentbeam,a convex region 6;9 is insertedinto the visibility map. If $<9 is transparent,6;9
is recursively refinedwith a call to TraceBeamsin which thecurrentregion of thevisibility map

is setto 6=9 , thenew currentcell *-9 is setto bethecell adjacentto * acrossface $<9 , andthenew

currentbeam8=9 is formedby trimming 8 to includeonly raysintersecting$:9 . Otherwise,$:9 is

opaque,therecursive searchalongthis pathterminates,and 6=9 is markedasa final region of the

visibility mapassociatedwith face$:9 . Contiguousregionsof thevisibility mapassociatedwith the

sameopaquewinged-pairfacearemarkedasonefaceduringtheprocess.

A nicefeatureof this algorithmis that it constructsa representationof thevisibility mapwith
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void TraceBeams()
begin

// Initialization>
= Viewpointof camera;

5 = Visibility map;
6 = Regionof 5 initially enclosingviewablearea;
7 = Winged-pairstructure;
* = Cell of 7 containingcamera;
8 = Beamenclosingcameraview frustum;
TraceBeams(

>@? 5 ? 6 ? 7 ? * ? 8 );
end

void TraceBeams(
>A? 5 ? 6 ? 7 ? * ? 8 )

begin
// Considereachfaceoncell boundary
foreachface $<9 onboundaryof * do

// Checkif beamintersectsface
if (Intersects(8 , $:9 ) then

// Createnew region in visibility map
6=9 = InsertRegion(5 , $<9 );
// Recursealongpaththroughtransparentface
if (Transparent($<9 )) then
*-9 = NeighborCell(7 ? * ? $:9 );
8=9 = NewBeam(8 , $:9 );
TraceBeams(

>@? 5 ? 6=9 ? 7 ? *-9 ? 8=9 );
endif

endif
endfor

end

Figure6: Pseudocodefor thebeamtracingalgorithm.
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bothtopologicalandgeometricinformation.With theexceptionof silhouetteedges,thetopology

of the visibility graphmatchesthe topology of correspondingvertices,edges,and facesin the

winged-pairstructureexactly. Silhouetteedgescanbefoundexplicitly bycheckingtheorientations

of the facesattachedto visible edges,which are readily availableby traversingspin references

storedin thewinged-pairdatastructure.

5 Experimental Results

We have implementedthealgorithmsdescribedin theprevioussections,andthey run on SGI/Irix

andPC/Windows computers.To test the effectivenessof our methods,we executeda seriesof

testswith several 3D models(shown in Figure7). For eachone, we computeda winged-pair

datastructureanda visibility mapfor at least100cameraviewpointsalonga typicalwalkthrough

pathwithin themodel. All testswererun on a SGI Onyx2 Workstationwith a 195MHzR10000

processor.

Rooms
2 roomsconnectedby door

(20polygons)

City
Smallcity with box-shapedbuildings

(1,125polygons)

Maze
Mazewith off-axiswalls

(310polygons)

Floor
Onefloor of SodaHall

(1,772polygons)

Arena
Videogameenvironment

(665polygons)

Building
Fivefloorsof SodaHall

10,057polygons)

Figure7: Testmodels.
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Resultsof the spatialsubdivision phaseareshown in Table1. For eachtestmodel,we list

how many input polygonsit has(# Polys), along with the numbersof cells, faces,edges,and

verticesin the resultingwinged-pairstructureandthe wall-clock time (in seconds)taken by the

spatialsubdivisionalgorithm.We notethatthecomplexity of thewinged-pairgrows linearlywith

the numbersof polygonsfor thesemodels. Also, the spatialsubdivision processingtimes are

reasonablyquick (lessthanoneminute),even for complex 3D modelssuchasa small city or a

largebuilding.

Test # # # # #
Model Polys Cells Faces Edges Verts Time(s)
Rooms 20 6 38 66 35 0.26
Maze 310 315 1,485 2,113 944 0.84
Arena 665 294 2,181 3,625 1,739 3.96
City 1,125 829 4,746 7,568 3,652 3.25
Floor 1,772 808 5,773 9,623 4,659 11.36
Bldg 10,057 4,504 33,066 54,459 25,898 50.76

Table1: Spatialsubdivisionstatistics.

Table2 shows resultsof thebeamtracingphase.Thefirst two columnslist thetestmodeland

how many inputpolygonsit has.Theremainingcolumnslist theminimum,average,andmaximum

statisticsmeasuredover all testedcameraviewpointsin eachmodel.Specifically, groupsof three

columnslist thenumbersof beamstracedby ouralgorithm,thenumbersof facesandedgesin the

resultingvisibility maps,andthewall-clock times(in milliseconds)requiredby our algorithmfor

eachviewpoint. Fromtheseresults,we observe thatthetime requiredby our algorithmcorrelates

closely with the numberof beamstraced,and not necessarilywith the numberof polygonsin

the 3D model. For example,althoughthe ‘Floor’ modelcontainspolygonsfor only oneof five

floorsin the‘Building’ model,thestatisticsgatheredduringour testswith bothmodelsaresimilar

becausethe sameviewpoint pathwasusedandthe complexity of the computedvisibility maps

weresimilar. Similarly, althoughthe‘Building’ modelcontainsaroundninetimesmorepolygons

thanthe‘City’ model(10,057versus1,125),thenumbersof beamstraced,thecomputationtimes,

andthecomplexities of thevisibility mapsmeasuredin testsarefar lessfor the‘Building’ dueto
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the denseocclusionsof walls. Finally, we notethat the maximumtime requiredto computethe

visibility mapin all our testswasa little morethanonesecond.

Test # # Beams # Faces # Edges Time(ms)
Model Polys Min Avg Max Min Avg Max Min Avg Max Min Avg Max
Rooms 20 1 2 3 3 10 18 6 20 36 1 3 6
Maze 310 2 37 100 4 32 82 8 64 163 2 25 60
Arena 665 10 57 136 33 81 234 66 160 456 23 108 216
City 1,125 15 642 1,680 4 166 382 8 324 748 15 471 1,092
Floor 1,772 6 23 54 13 67 183 26 132 361 9 31 79
Bldg 10,057 6 25 67 13 73 183 26 144 361 10 36 97

Table2: Beamtracingstatistics.

Figure8 showsvisualizationsof ouralgorithmscapturedfrom aninteractiveprogramcomput-

ing thevisibility mapfor viewpointsin the ‘City’ model. Thetop two images((a) and(b)) show

thewinged-pairstructureconstructedby our system.In theseimages,every faceis drawn with a

uniquecolor, edgesaredrawn assolidwhite lines,andverticesaredrawn asgreendots.Notehow

few input polygonsaresplit by binaryspacepartitioningplanes.Thenext threeimages((c), (d),

and(e)) show views from onecameraflying over thecity. As before,every faceis drawn with a

uniquecolor, but computedsilhouetteedgesarealsoshown aswide white linesin image(d), and

intersectionsbetweenbeamsandwinged-pairfacesareshown asyellow lines in image(e). The

bottom-rightimage(f) showsa birds-eyeview of thesetof surfaces(bluepolygons)visible to the

viewpoint (lookingfrom thebottom-leftcornerof theimagetowardsthetop-rightcorner)overlaid

with edgesof thewinged-pairstructure(white lines).

The imagesin the bottom row of Figure 8 illustrate the most significantproblemwith the

recursive beamtracing approach:beamsget fragmentedby cell boundariesas they are traced

throughfreespace[14, 35]. In theory, thenumberof beamscanbeexponentialin thenumberof

winged-pairfacestraversed.In practice,thenumberof beamstraceddependson thecomplexity

of the visible region of the model. As a result,thesemethodsarebest-suitedfor usein densely

occludedenvironments,suchasbuilding interiors. In futurework, we planto pursuetopological

beamtracingmethodsin whichbeamsaresplit only at silhouetteedges(asin [14]).
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(a)Winged-pairfaces(birds-eyeview).
(every faceis drawn with a uniquecolor)

(c) Winged-pairfaces(interiorview).
(every faceis drawn with a uniquecolor)

(e)Visibility mapcomputation(interiorview).
(yellow linesshow beam-faceintersections)

(b) Winged-pairedgesandvertices(birds-eyeview).
(edgesarewhite,andverticesaregreen)

(d) Silhouetteedges(interiorview).
(silhouetteedgesarethick white lines)

Viewpoint

(f) Visiblesurfaces(birds-eyeview).
(winged-pairedgesarewhite,visiblesurfacesareblue)

Figure8: Visualizationof winged-pairstructureandvisibility mapcomputedfor ‘City’ model.
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6 Conclusion

This paperpresentsdatastructuresand algorithmsuseful for mappingimagesonto surfacesin

a hybrid geometry-andimage-basedrenderingsystem.Our methodusesa preprocessingphase

to constructa winged-pairdatastructureencodingthe topologyand geometryof the 3D input

model. A secondphasetracesbeamsthroughthe winged-pairstructureto find visible surfaces.

Thebeamtracingalgorithmcomputesvisiblesurfaceswith object-spaceprecision,it is ableto find

silhouetteedgesefficiently, andits executiontime dependsonly on thecomplexity of thevisible

region for eachcameraviewpoint. Topicsfor futurework includeinvestigationof how topological

relationshipscanbeusedto construct,store,andsampleradiancemapsmoreefficiently.
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