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Abstract

The most expensivegeometricoperationin image synthesisis
visibility determination. Classicallythis is solved with hidden
surfaceremovalalgorithmsthatrenderonly the partsof the scene
visible from a point. Global illumination calculations,however,
may require information betweenany two pointsin the scene.
This paperdescribegglobal visibility algorithmsthat preprocess
polygon database# orderto acceleratevisibility determination
duringillumination calculations Thesealgorithmsare sensitiveto
the outputcomplexityin visibility space;thatis, how many pairs
of objectsare mutually visible. Furthermore the algorithmsare
incrementalso that they work well with progressiverefinement
and hierarchicalmethodsof image synthesis. The algorithms
are conservative but exact; that is, when they return visibility
predicatesheycanbeprovedtrue. Howeversometimesheydo not
returneithertotally visible or totally invisible, but partially visible,
eventhoughin the samesituationa betteralgorithmmight return
the exactanswer. In this paperwe describethe algorithmsand
theirimplementationand showthat, in a scenewith low average
visual complexity, they can dramaticallyaccelerateconventional
radiosityprograms.

CR Categories and Subject Descriptors: 1.3.5 [Computa-
tional Geometryand Object Modeling]: GeometricAlgorithms,
Languages,and Systems 1.3.7 [Computer Graphics]: Three-
DimensionalGraphics and Realism  Radiosity J.2 [Physical
SciencesandEngineering]Engineering

Additional Key Words: Hiddensurfaceremoval,visibility space,
radiosity,globalillumination, algorithmictriage.

1 Introduction

In the early daysof imagesynthesisa centralgeometricproblem
was hidden surfaceremoval. With the adventof -buffering,
modernworkstationscandisplaypicturesof 3D scenesontaining
millions of polygonsn real-time.However,suchworkstationdave
limited shadingcapabilitiesbecaus¢hey maketheassumptiorthat
all light sourcesilluminate every object. One major thrust of
currentresearchin image synthesisis to removethis restriction
sothatthe shadingcorrectlyaccountdor theillumination incident
on every object. To do this every surfaceelementmust assess
whatlight sourcespr moregenerallywhatsurfaceseflectinglight
towardsit, arevisibleto it. This type of illumination calculationis
termedglobal, in contrastto local, becausehe entire scenemust
be analyzedto determineif there are any occludersinterfering
with the transferof light betweemobjects.Collating suchvisibility
information is more difficult than determiningmerely what is
visible from a single vantagepoint, asis donein hiddensurface
removal. For example the fastestalgorithm currently known for
computinga completedescriptionof the interocclusiondueto a
polyhedralobjectof verticescantake  flg  time[9].

Thispaperdescribeglobalvisibility algorithmsthatanalyzethe
entirevisibility spaceandareapplicableto arangeof illumination
problemsHere weapplythemtoahierarchicatadiosityalgorithm.
We haveimplementedseveralpracticalalgorithms,andshowthat
theyallow efficientglobalvisibility calculationor sceneof low
visualcomplexity.Thealgorithmsarebasecbn threesimpleideas:

Permission to copy without fee all or part of this material is granted
provided that the copies are not made or distributed for direct
commercial advantage, the ACM copyright notice and the title of the
publication and its date appear, and notice is given that copying is by
permission of the Association for Computing Machinery. To copy
otherwise, or to republish, requres a fee and/or specific permission.

PatHanrahan
Departmenbf ComputerScience
PrincetonUniversity

Visibility preprocessing. To computewhat is visible from all
pointson the surfacef the objectsbeing shadedwe preprocess
the sceneto speedfuture visibility tests. For the purposesof
globalillumination we needonly considerall pairwiseinteractions
betweenobjects. Preprocessingemovestotally invisible pairs
from considerationandaccelerateterqueriegegardingsisibility
betweerpointson partially visible pairs.

Incremental visibility maintenance.The mostefficient global
illumination algorithmsoperateiteratively basedon error criteria.
Examplesarehierarchicafradiosity,wheresurfacesaresubdivided
with respectto eachother accordingto potential light transfers
betweenthem [11], and progressiverefinementmethodswhere
light is transferredamongsurfacesn orderof brightnesg5]. Thus,
the visibility algorithmsshouldbe lazy and sensitiveto required
precision.They shouldalsoallow refinementso thatmoreprecise
determinationganbe madeasneeded.

Conservativetriage. Both the preprocessingndmaintenance
methodsuse conservativeriage to avoid the combinatorialcom-
plexity of exactvisibility determinationWe classifyvisibility into
threecategoriestotally , totally , and

(partially visible). The classificationis conservativen that

all interactionsclassifiedas or are correct;
however,it is acceptabldor the classificationto return
when the correctresultis either or . This

allows us to forego complexanalysisor ““punt” if suchanalysis
will taketoo long to determinethe exactanswer. Of course,for
thisto work we needeitheranothewisibility algorithmto complete
the analysisor we mustexpectthesituationto simplify eventually
(e.g.,throughsubdivision).

The visibility algorithms presentedhere generalizeprevious
work on preprocessingnvironmentdgor interactivewalkthroughs.
In [24], an algorithm was given to preprocess 2D environment
of axial line segmentssuchasfloorplans. This was extendedo
3D axial rectangledn [22]. This papertreatsthe caseof convex
polygonsin generaposition.

Theglobalvisibility algorithmsdescribecherehavebeenimple-
mentedwith a globalillumination systemthat computegadiosity
valuesfor polygonalscene$11]. Thealgorithmmaintainsa hierar-
chy of interactionsdetweersubdividedpolygonsat differentlevels
of detail. A key featureof the algorithmis that only 2
interactionsare everexaminedwith  the numberof input poly-
gons,and thenumberof elementsreatedby subdividingthose
polygons). The hierarchicalradiosity algorithm, as originally de-
sighed,usedpairwisevisibility informationbetweenpolygons.in
the original implementation however,this visibility information
wasinexact Visibility statusvasdeterminedy shootingaconstant
numberof rays betweentwo polygons. If all of the raysreached
from onepolygonto theother thepolygonswereconsideredotally
visible, whereasif none of the rays reached the polygonswere
consideredotally invisible. The conservativalgorithmsdescribed
in this paper,n contrastareprovablymoreprecise.

2 Overview

We presentnovel algorithmsthat subdivide space,constructa

conservativevisibility graph over the polygonsin a geometric
model,thenmaintainthe correctnes®f the graphunderrecursive

subdivisionof the polygons. In the contextof the hierarchical

radiositycomputationthis conservativerisibility graphguarantees
that throughoutthe computation, all polygons that potentially

interact(e.g.,exchangesnergy)will be known. The construction
andmaintenancef thegraphoccursin four stages.



1. Spatial Subdivision. The geometricmodelis first spatially
subdividedinto convex polyhedral cells, linked acrossshared
boundariesonly when someportal, or transparentegion, exists
on the boundary. For a large classof models,and particularly
for architecturaimodels,the subdivisionprovesa naturalway of
hierarchicallycapturingthegeometriandocclusivecharacteristics
of themodel.

2. Visibility Propagation. Eachcell of the spatialsubdivision
enclosessome portion of the geometricmodel. Clearly, only
whentwo cellsaremutually visible cantheir contentgi.e., model
polygons)interact. Consequentlywe hierarchicallyenumeratell
visibility betweerportionsof themodelby first establishingnter-
cell visibility, thenestablishingnter-polygonvisibility only where
cells are mutually visible. This is accomplishedy propagating
incrementabvisibility informationthroughthe cells of the spatial
subdivision;aseachcell ““sees"into increasinglydistantcells, the
visibility graphis augmentedo recordany previously unknown
interactions. (Portal enumerationis simply the first and crudest
recordof visibility propagation.)

Visibility propagatiorprovablydiscoversall partially or totally
visible cell (polygon)pairs, at the costof occasionallymisclassi-
fying an invisible cell (polygon) pair asvisible. The alternative,
misclassificatiorof somemutually visible interactionasinvisible,
is plainly unacceptablesinceit may omit from consideratioran
interactionlaterto proveimportant.

3. Blocker Detection. In anexactingillumination computation
suchasglobalillumination, it is not sufficientto determinesimply
that two polygonsare partially visible; someestimationmustbe
made of the extentto which they are visible, as well as how
mucherror might be incurredby the estimation. Therefore,once
potential visibility betweena pair of polygonsis establisheda
set of interfering polygonsor blockersis determinedthat may
occlude part of one polygon as seenfrom some point on the
other. This interferencecomputationis againconservativea non-
interfering polygon may occasionallybe classifiedas a blocker,
but a blocker will never be classified as non-interfering. In
the visibility graph, blockerlists augmentexisting links between
mutually visible polygons;total visibility is establishedvhenever
theblockerlist is empty. Perhapsurprisingly,we showthatthese
conservativeoverestimatedlockerlists aregenerallysmallerthan
thosemaintainedby existingalgorithms.

4. Blocker Maintenance. In a hierarchicalradiosityalgorithm,
polygons(patchesin radiosity parlance)areallowedto exchange
radiantenergyonly whenthe interactionsatisfiessomespecified
globalerrorbound[11]. Otherwisethe patchesresubdividedand
interactions recommencedmongthechild patcheslt is naturalto
considerhow the conservativerisibility graphamongthe patches
can be incrementallymaintainedunder subdivision. Each child
patchmay be partially or totally visible, or completelyinvisible, to
its child counterpartentheotherpolygon.Weshowhow, giventhe
parentinteractionconservativélockerlists for thechildrencanbe
determinedncrementally We preseneinovelblockermaintenance
techniqueinvolving linespace a five-dimensionalrepresentation
of 3D lines(i.e., light rays).

The algorithms we presentare of interestin severalways.
First, they comprisea practicaltreatmentof visibility issuesfor
unrestricted(i.e., non-axial) three-dimensionaénvironments,in
contrastto previouswork [1, 8, 24]. Second,the conservative
visibility descriptionwe compute identificationof all mutually
visible pairs, and the blocker set for eachpair  is a natural,
output-sensitivavay of characterizingvisibility amongpolygons
or moregenerabbjects for anyalgorithmsthatrequireinformation
aboutocclusionand/orillumination. Finally, we show that the
useof thesealgorithmsdramaticallyimprovesthe time andspace
efficiency of anexistingradiositycomputatior{11].

3 Spatial Subdivision

The geometricmodelis specifiedasa set of convexpolygons
(Figurel). Thespaceembeddinghegeometrianodelis subdivided
into convex polyhedral cells, typically separatedby polygons
(Figure 2). The constructionis basedon BSP trees[7], but the
visibility algorithmswe subsequentlypresentareprovably correct

for anyspatialsubdivisionsatisfyinga few geometriccriteria[22].

Figure 1: A geometrionodelcomprisedf polygons.

First,a polyhedralroot volumeis constructedsthe convexhull
of . While polygonsof sufficient sizeare presenta polygonis
chosenwhosesupportplaneis to partition the remainderof the
set. The choiceis madeusing a simple heuristicthat determines
thepolygonwhosecross-sectioin thecurrentcell is largestwhen
expressedas a fraction of the cell's areal intersectionwith the
polygon's supportplane; if any polygonsseparatethe cell into
mutuallyinvisible parts,onesuchpolygonis chosenThis heuristic
tendsto yield effectivesplitting treesin practice.

Figure 2: Subdivisionof themodelinto cellsandportals.

Next, the portals, or transparenportions,of eachcell boundary
areexplicitly constructedSincecell boundariesreinducedon the
supportplanesof polygonstheseboundariesretypically partially
or completelyobscuredEachboundarystoresalist of coaffineand
incidentpolygons.Theportalsoneachboundarycompriseaconvex
decompositiorof the setdifferenceof the cell boundarywith the
union of thesepolygons.Eachportal storesidentifiersfor the cells
which it connects.The spatialsubdivisionthereforecomprisesan
adjacencygraph overthe cells, sincetwo cells areadjacentn this
graphiff theyshareaboundarythatis notcompletelyopaque.

4 Visibility Propagation

Once a conforming spatial subdivisionis built, visibility propa-
gationcommencesThe propagatioralgorithmoperatesn object
spaceandperformsaconstrainedraversalof theadjacencygraph
outwardfrom eachsourcecell. Wheneveia cell is reachedy this
traversaljts associategolygonsareexaminecpairwisewith those
in the sourcefor mutualvisibility; unreacheentitiesaredefinitely
invisible from the source.

A givencell canseeinto its neighborsonly throughportals,and
into moredistantcellsonly throughportal sequenced.e., ordered
lists of portalssuchthateachconsecutivepair of portalsleadinto
andout of the samecell. The cell adjacencygraphis searchedy



determiningcells betweerwhich an unobstructedightline exists.
A sightline must be disjoint from any occludersand thus must
intersector stah a portalin orderto passrom onecell to the next.
To establishinter-cell visibility, it is sufficientto find a stabbing
line througha particularportal sequencesinceif somepoint in

theinterior of onecell canseea pointin theinterior of another.a
sightline mustexistbetweenthe boundarieof the sourcecell and
thereachectell.

Thus, the problemof finding sightlinesbetweencell interiors
reducego finding sightlinesthroughportalsequencsof increasing
length. Consequentlythe primitive visibility operationin a con-
forming spatialsubdivisionis the determinatiorof a stabbingline,
givenaportalsequencegr thedeterminatiorthatno suchstabbing
line exists. The portal sequenceare generatedncrementallyby a
depth-firstsearcDFS)emanatingrom aparticularcell boundary;
whena sequenceo longeradmitsa sightline,the activebranchof
theDFSterminates.

4.1 Inter-Cell Visibility

Sightlinedeterminatioris an existencepredicatejn thatit merely
establishesisibility betweertwo pointsondifferentcells. Suppose
two cellsaremutuallyvisible througha portalsequencen general,
only aportionof eachcellis visibleto theother,dueto occlusionby
opaguematerialabuttingthe edgesof interveningportals(Figures
3,4). Wheneveilinter-cellvisibility is establishedmutuallyvisible
volumesare constructedor the cell pair; thesevolumesand the
reachingportal sequencarethenusedto determinenter-polygon
visibility amongthe cells' associategolygons.

Figure 3: Visibility propagatiorfrom asourcecell ;.

Figure 4: Visibility propagatiorfrom asourcecell ».

The volume visible to a polygonin the presenceof polygonal
occludersis, in general,boundedby quadraticsurfaceq18]. An
algorithm for computingthis volume was implementedand de-
scribedin [21], butis notyet sufficiently robustfor useon complex

models. Consequentlywe have developeda simpler algorithm
thatcomputesapolyhedralvolumeguaranteetb enclosgheexact
visible region. The algorithm is a straightforwardconstruction
that, using separatingangentplanes,performsa kind of internal
pivoting over the edgesand vertices occurring along the portal
sequenceWe treatthe algorithmbriefly here;detailscanbe found
in [22].

pivot step

Figure 5: A pivoting steponedge , from 1 to

Thealgorithmexploitsthefactthatfor eachportaledge atmost
two separatingplanescan contributea faceto polyhedralbounds
on the illuminated volume (Figure 5), since at most one vertex
from eachhalfspaceof the associategortal can spana relevant
planewith the edge. Considersomeedge ona portal », and
the portalsoccurringbefore ». Eachof theseportalshasat most
one extremalvertex that spansa separatingolanewith  (in the
figure, 1 hasextremalvertex ; and hasextremalvertex ).
Togetherwith , only oneof these(at most z) extremalvertices
canspana planethatcontainsall the otherextremalverticesin the
samehalfspaceastheportal . This singleplaneis the only one
of the candidatglanesthatcancontributefacesto theboundary
of theilluminatedvolume. Thereforefor any portaledgeghere
areatmost2 boundaryplanesgachof which canbeidentifiedin

time by pivoting over the verticesof the otherportals. The
total time to identify the 2 relevantplanesis therefore 2 .
Moreover, the set of planescan be updatedincrementally
whenevera new portal is encounteredsimply by updatingthe
existing halfspaceswith respectto the new portal vertices,and
introducingplanegight onthenewportaledgesThe positive
halfspace®f the planesareinspectedor anintersectiorwith the
BSPhalfspace®oundingthereachectell in time with
a linear programmingalgorithm[15, 19]. If no suchintersection
existsthenthereachedtell cannotbevisible to thesourcethrough
theactiveportal sequence.

4.2 Inter-Polygon Visibility

Whenevem cell is reachedy thegraphpropagationan activeset
of halfspacedboundsthe volumein thereachedtell visible to the
source. The orientationsof eachof thesehalfspacesrereversed
to boundthe volumeilluminatedby thereachedcell in the source
Only polygonsin theserespectiverzolumescanbemutuallyvisible.
Eachincidentsourcepolygonis prefixedto the front of the active
portal sequencgFigure 6). The visible volume in the reached
cell dueto the augmentedsequencas then testedfor incidence
with the appropriatesubsef polygonsstoredin thereachectell.
(Thenotion of conservativénter-polygonvisibility canbesimply
extendedo treatvisibility betweergeneralobjects[22].)

Figure6 depictsthis mechanisnfor ananalogou£D situation,
in which “polygons" and portals" areline segmentsA source
cell  (Figure 6-i) establishednter-cell visibility to acell via
someportalsequenceThepolygon in canhavenointeraction
with 's interior, andit is not consideredurther. Polygon is
incidentontheinter-cellvisibility volume,andthereforepotentially
visible from somepointin . However,whenthe portalsequence
is augmentedvith the constraintdueto  (Figure 6-ii), polygon

is foundto beinvisiblefrom . Finally, isfoundto intersect

'svisibleregionin ,and and areestablishedo bemutually
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Figure 6: Establishingisibility of 2D ““polygons" and

visible.

The convexity of spatialsubdivisioncells allows an important
optimization.Any two polygonsentirelyincidentontheboundaries
of the samecell canhaveblockersonly in the relativeinterior of
thatcell. Whenthecellinterioris empty(asit typically will be),the
polygonscanbeimmediatelyclassifiedasentirelymutuallyvisible.
Thus, the spatialsubdivisionquickly identifies manyinstanceof
completemutualvisibility betweemearbypolygons.

Figures7 and8 depictthe outputof the inter-polygonvisibility
computationin three dimensions,for two polygonsincident on
differentsourcecells. Display of the spatialsubdivisionhasbeen
suppressetbr clarity.

Figure 7: Visibility propagatiorfrom apolygonin cell 1.

Figure 8: Visibility propagatiorfrom apolygonin cell .

5 Blocker Detection

Whena pair of polygonsis found to be mutually visible,
we recorda visibility interaction , andproceedo identify
the blocker list of the pair. One could simply compute
the setof blockersasthosepolygonsincidenton a convexvolume
containing and (asin [10]). However,the visibility graph
andreachingportalsequencgenerallyyield abetter(i.e., smaller)
blocker list. Denotethe convex hull of all verticesof and
as . Clearly any blocker  must be incident on
to contributeto . Moreover,observehatonly
polygonsvisibleto alonga sequenceeaching ,orto along
asequenceeaching needbeconsideredsblockersof and
For,if somepolygon is notvisibleto , theneveryray leaving

(includingthoseraysto anypointon ) muststabsomepolygon
otherthan beforestabbing .

The polygons and do not generallyseethe sameset of
blockers (Figures 7 and 8). Therefore, is augmented
whenevera searchfrom () to () discoversa previously
unknown blocker. Figure 9 depicts the result of the blocker
computationwhereall polygonsexcept , , and have
beenremoved. Note that, of the polygonsfrom the large central
room, neitherthe large blue interior wall panelsnor the thin blue
doorjambs(cf. Figure 1) are classifiedas blockers. Thus the
purelyspatial(shaft)cull producesblockerlist of size12 or more,
whereaghe blockerdetectionalgorithm presentecherecomputes
alist of 6 blockers.

Figure 9: Thefinal blockerlist of and

Finally, the blocker criterion presentecaboveis conservative,
since may includepolygonsthatarevisibleto  orto
but do not affectocclusionbetweerthem.The exactdetermination
of the blockerlist is computationallyinvolved; a polygon is a
blockerof and onlyif somerayfrom to existswhoseonly
front-facing polygonintersection asidefrom thatwith , is with

. (Theasymmetryof the definition arisesfrom the factthat,in a
manifold polyhedralenvironmenof orientedpolygons,only front
facescanbevisible to front faces.)

6 Blocker Maintenance

Given a set of polygons , the visibility preprocessingcheme
producesfor everypolygon , asetof visible polygons
Foreachpolygon , theblockerlist enumerates
all polygons that potentially impede visibility
between and . pointsonly to top-levelpatchesthis
makessensesinceblockersshouldbe aslargeaspossibleto cause
maximalocclusion.For eachinteraction , we storea tube
datastructure which associateaninteractingpatchpair, ablocker
list, the visibility status of the interaction(i.e.,

or ), andsomeadditionalgeometridnformationusedfor
incrementabisibility tests.

In the hierarchicalradiosity algorithm, when the energeticin-
teractionbetweentwo patchescannot be characterizedo within
the global error bound, one of the patchesof the interactionis
symmetricallysubdivided andits childrenareallowedto interact
with the other patch[11]. Clearly, interactionsbetweeneither



patchandthe childrenof its counterpartare highly coherent.The
tubedatastructureexploitsthis coherencéo performefficientand
accuratevisibility reclassificatioraftersubdivision.

Eachchild interaction'sblocker list is necessarilya subsetof
the parent'sblockerlist; we wish to efficiently, andincrementally,
determinethe child tube's blockers. We say that a blocker
impingeson if it occludes from , andthat s
disjoint from if  cannot causeocclusion. Whenevera
blockerlist is discoveredo be empty(i.e., to containno impinging
blockers),completevisibility betweerthe interactingpatcheswill
be established,and no further visibility computationsneed be
donefor anychildrenof thisinteraction. Converselywhenevethe
blockerlistis discoveredo becompletelypccluding therecanbeno
energytransporbetween and , andtheinteractionis discarded
(alternatively, the culprit blocker(s)can be retainedas ““proof"
that the patchescannotinteract). Finally, when neithercomplete
visibility nor completeocclusioncan be quickly determinedthe
statusof the child interactionremaingpartially visible.

6.1 Linespace

Thetubestructureefficiently encodedhe setof all lines between

and , usinga five-dimensionalline representatiofkknown as
Plucker coordinates[20], or simply linespace Lines in three
dimensiongorrespondo hyperplaneandpointsin linespaceAny
two3Drays and canbeorientedby consideringheirlinespace
counterparts , a5D hyperplaneand , a5D point (detailsof

themappingcanbefoundin [21]).
Py
.

LY
b

side(a, b)< 0 side(a, b)=0

The signeddistanceof from determinesthe sensein
which the lines “*go around" eachotherin 3D; if lies on
thelines and arecoplanar.This “"sidedness"propertycanbe
usedto representhe set of lines througha collection of convex
polygons. In practice,thereis one caveatto usingthe linespace
representatiofi23]. The only portion of linespacecorresponding
to 3D lines with real coefficientsarethoselinespacepointslying
on a 4D manifold known as the Pluckerquadric[20]; all other
linespacepointscorrespondo 3D lineswith complexcoefficients.
Fortunately the algorithmsusedin this papemeedneverconsider
the Plucker quadric, since they manipulateonly lines known a
priori to haverealcoefficients.

Considertwo convexpolygons and , comprisedof setsof
orientededges and , respectivelyForthereto existsomeline
thatstabgheinteriorsof and , mustlie in theappropriate

signedhalfspaces of thehyperplanes and

P

side(a, b) > 0

Thus,the setof all linesthrough and correspondgo the
interior of afive-dimensionalconvexpolytope [21]. Rather
thanattemptto computethis polytopedirectly, we canmanipulate
the verticesof its intersectionwith the Pluckerquadric,which are
comparativelyeasyto generate.Eachsuchvertexcorrespondso

a collection of four supportlines from and , sincefour 5D
hyperplanesnust intersectwith the Plucker quadricto generate
eachsuchvertex. Theseverticesmustcorrespondo stabbinglines
tightonfouredgesf and in 3D;i.e.,linesthroughavertexof

andavertexof (notethattheselinesnecessarilhavereal 3D
coefficients) In ourimplementationthereareat mostsixteensuch
lines,sinceall patchesrequadrilaterals.

Thereare severaladvantageso performingblockeranalysisin
linespace.The datastructurefor a single blockeris constansize,
andfor asinglepatchinteractionis linearin thenumberof blockers.
The linespaceanalysisobviatescomplicated3D topologicaland
numerical computations. The only operationsrequired by the
linespacerepresentatiomre mappingfrom 3D lines to 5D points
andhyperplanesandcomputingnnerproductshetweerpointsand
hyperplanes.

6.2 Incremental Blocker Maintenance

The tube data structure,and incrementalvisibility maintenance,
cannowbefully describedSupposeatch is subdividedagainst
patch into child elements . Thetubefor andeach
stores , , and a constanthumberof linespace
points whoseconvexhull includesthe
setof all linesthrough and . Finally, eachblockerin
is reclassifiedwith respecto the child tubeto produce ,
and the visibility status of eachinteraction
is determined. As before, many instancesof total invisibility,
partialvisibility, andtotal visibility arediscoveredjuickly. Other
situationsare consideredoo complexto analyzecompletely,and
we ““punt” andclassifytheinteractionaspartially visible (perhaps
causingfurthersubdivision[11]).

VISIBLE PUNT

INVISIBLE

PARTIAL

Figure 10: Performing3D triagein 5D linespace.

Consideraninteraction anda singlepotentialblocker
(Figure 10). We wish to determine,without extensiveanalysis,
whetherall, none,or someof the linesthrough and stabthe
blocker . Respectivelythisis equivalento determiningwhether
conv lies entirely inside, is disjoint from, or hassome
intersectionwith , the set of lines throughthe blocker
(Figurell). We exploitthefactthat,in linespacebothsetsof lines
areconvex.

The pointsin arefirst classifiedwith respectto the
blocker hyperplanes If all of the points lie inside the
, then , by convexity. is
thereforecompletely occluding and is L f
someof thepointslie insidethe ,andsomelie outside some
linesthrough and stab , and is . If all

of thepointslie outsidesomesingle , is .
Finally, the complexcaseoccurswhenall of thepointslie outside
all of the . This doesnot guarantedotal visibility, since
may still have someintersectionwith
(this caseis labeled in Figures10 and 11); accordingly,
is classifiedas .

The logic for multiple blockersis straightforward;any single
blockercancause tobe , butall blockersmust
be disjoint in order for . Otherwise,any
impingingblockercauses .

to be
to become

6.3 Evolution

Figure 12 depictsan exampleof blockerlist evolutionandincre-
mentalreclassificatiorof child interactionsWhitelinesconnecting
guadrilateratentroidsrepresent interactionspreenlines
represent interactions andred lines representhe tube



Figure 11: Thefour possibleoutcomef a blockerclassification.

betweentwo interactingpolygons. ( interactionsare
notshown.)In Figure12-i, two redpolygonsinteractvia a blocker
list containingthe orangepolygon. In Figure 12-ii, the largered
polygon is subdividedinto quadrants,and its child interactions
with the small red polygon are shown. One of theseinteractions
is . The other threeare ; the tube for one
of themis shown. Finally, in Figure 12-iii, the child polygonis

subdivided;threeof its childrenbecome to the polygon
atright, butone(shown)remains
(i) Pareninteraction. (i) interaction.
(iii) interaction.

Figure 12: Reclassificatiorof child interactionsaftersubdivision.

The linespacealgorithmsguaranteeconservativevisibility, in
thatblockersare only discardedrom interactionsf theyaredefi-
nitely knownto bedisjoint. Existingalgorithmsusepoint-sampling
[2, 6, 11, 16] or point-to-areavisibility [3, 4] techniquesand
thereforedo not guaranteeorrectinter-areavisibility determina-
tion. In contrast,we establishexactvisibility informationwhere
possibleandadaptivelysubdivideuntil theuncertaintyof visibility
estimationin theremainingcasess sosmallasto be unimportant.

The linespaceblocker maintenancelgorithmsare simple and
fast,althoughtheysometimesverestimatecclusiorby classifying
disjoint blockersasimpinging, and may not identify
interactionsas early as might a more sophisticatedalgorithm.
Establishmeniof improved algorithmsfor the determinationof

inter-polygonvisibility in the presenceof multiple blockersis an
active areaof research[17, 21, 25]. An exactalgorithm was
presentedn [21], butis not yet sufficiently robustfor application
here.

The work and storageexpendedor the incrementalvisibility
maintenancalsoservego accelerat¢hesamplingdoneto establish
inter-patchenergytransfer (i.e., to estimateform factors). The
ray/blockemachineryis simply appliedto randomsamplerays(as
usedin [11]). The costof eachray/blockertestis four 5D inner
products.

7 Results
7.1 Spatial Subdivision

Weimplementedhespatialsubdivision propagationinterference,
and maintenancealgorithms described,and instrumentedtheir

executionfor the datasetshownin Figurel. All executiorwason

alightly loaded50-MIP Silicon GraphicsVGX. The input model

comprised403 patches.Constructinghe BSPtreerequiredabout
thirty CPUsecondstheresultingtreecontaine®20leafcells.Each

cell had5.99boundaryfaces,and5.87 patchesoaffinewith some
boundaryface,on averagethusthe spatialsubdivisionheuristics
producedfairly local partitioningbehavior). Another sevenCPU

secondsvere absorbeddy cell neighbor-findingand enumeration
of the 525 portalsbetweeneaf cells of the subdivision.

7.2 Visibility Propagation

Computinginter-cell and inter-patchvisibility for the model ab-
sorbedfive CPU minutes. Of the 81003 403 402 2 patch
pairsin the model, 4,391, or 5.4%, were classifiedas mutually
visible. (Thuspreprocessingbviatednearly 95% of the potential
patch-patclinteractions)Of these4,391patchpairs,2,814(64.1%)
werepatrtially visible,and1,577(35.9%)weretotally visible. Each
patchsaw,on average22 otherpatches.

The inter-cell traversalsperformed 10,128 stabbing tests of
portal sequencesor about46 testsper cell. The inter-polygon
traversalperformedl6,055furtherincrementaktabbingests,one
for eachsuccessfullyeachedellandpotentiallyvisible patchpair.
Thus,about40testsperpatchwererequiredto establishinter-patch
visibility for all patches.The averagdengthof a testedinter-cell
portalsequencevasjust over5 portals.This is consistentvith our
experiencaisinga ten-thousangbolygon, five-thousanccell axial
model,in which the averageportal sequencdengthwaslessthan
ten[8, 22]. A histogramof observedbortal sequencdéengthsand
stabbingpercentageis shownin Figure13.
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[ # failed
Il #stabbed

1000

500

1 2 3 4 5 6 7 8 9 10 11 12 13 14

portal sequence length
Figure 13: Stabbingsuccesseandfailures,by sequencéength.

The inter-cell visibility determinatiorusesa depth-first-search
throughthe cell adjacencygraph,applyinganincrementaktabbing
predicateand visible volume computationat each step. The
incrementabperatiorexpenddineartime in the numberof portals
currentlyin thesequenceassumingconstanhumberof edgeger
portal,andsorequires 2 timeto stabasequenc®f portals.
In practice,this seemsnot to prohibit use of the algorithmson
real datasets,sincemostportal sequenceareshort(lessthanten
portals)andthealgorithmicconstantarethereforemoreimportant
thanthe asymptoticcomplexitymeasure.
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Figure 14: Refinemenbf theinput patchegleft),
7.3 Blocker Detection

Therewere5 blockersbetweerpartiallyvisible patchespnaverage,
reachedthrough portal sequence®f averagelength five. The

subdivisionheuristiowaseffective;theBSPtreedid notsufferfrom

excessive ‘free-space"splitting, or regionsin which subdivision
planeswereinduceddueto far awaypolygons.

Thevisibility analysiscommunicatedts resultsto the radiosity

computatiorviaan file. Eachfile line recordedaninteraction

betweenwo polygonsthelengthof theassociatetdlocker

list ,andtheblockesthemelves.A zero- Iengtkblockerllst

|mp||edtotaIV|S|b|I|ty between and ,i.e., ;
otherwisethevisibility statuswvas

7.4 Blocker Maintenance

The model input to the radiosity computationis shown at the
upper left of Figure 14. The input patchesform the radiosity
program'sinitial mesh.The 4,391initial and
links areshown,respectivelyjn white (middle column)andgreen
(right column). Two iterationsof patch-patchrefinementwere
performed. The resulting model mesh, and
interactionsaredisplayedn thesecondandthird rowsof Figurel4.
The numberof links drasticallyincreasesfter the first
iteration. Their increaseddensity naturally indicatesunoccluded
regionsof themodel.Similarly, the green links indicate
occlusion. links arenot shown,astheywerediscarded
by theradiosityprogramupondetection.

Usingtheresultsof thevisibility preprocessingheinitial refine
tookonly 11 secondsperformingl45,846nteractionsThesecond
refinementstagerequired 50 seconds,and performed 186,703

links. Input links.
links. Resulting links.
links. Resulting links.

links (middle),and links (right).
interactionsAbout 90% of therefinedinteractionsvere

thus requiring no samplingfor form-factor estimation. Table 1
chartstheevolutionof eachlink type,thenumberof elementsand
thenumberof interactionsat eachrefine.

Input Links ——= Refine ——» Links —— Refine — Links
V 1,577 (35.9%)=— 170,440 (87.6%)=— V 176,474 — 218,420 (87.6%)=— V 225,763

V 6,034 ( 3.1%)7 V7,343 ( 2.9%)

P 2,814 (64.1%)— P 16,889 ( 8.7%)— P 16,889— P 22,157 ( 8.9%)—P 22,157
S 11,096 ( 0.6%) I 1,339 ( 0.5%)

4,391 194,459 193,363 249,259 247,920

403 patches
4,391 interactions

15,039 patches
145,846 interactions

17,347 patches
186,703 interactions

Table 1: Link evolutionby type,with patchandinteractioncounts.

Sincethe time complexity of the radiosityalgorithmis propor-
tional to the numberof interactions,the visibility preprocessing
significantly decreasedhe computationdone by the radiosity al-
gorithm. Moreover, the modified radiosity algorithm was more
accuratesinceno partially visible interactionsveremisseddueto
samplingerrors(asin [11]).

7.5 Blocker Visualization

All of the algorithmsdescribedin this paperwere implemented
using visualization tools that allowed interactive inspection of
complexdatastructuresFiguresl5throughl7 depicttheuseof this
tool to investigatesomeinteresting interactions Again,
thewhiteandgreerline segmatsrepregnt ard
interactionsrespectivelyfor aparticularpartialinteractionin each
figure, thetubeis shown(in red),andtheblockerdor theinteraction



Figure 15: Thetubedatastructure(red,or-
ange)for anordinary interaction.

arehighlightedin orange Figure 15 depictsanordinary
interaction. Figure 16 depicts spatially incident polygons that
(correctly) havenot beenclassifiedasblockers.Figure 17 depicts
a interactionfor which no single blockeroccludesthe
sourceandreceiver;a moresophisticate@lgorithmcould classify
thisinteractionas

8 Summary and Conclusion

We have presentedseveralnovel algorithms that representan
effectiveapplicationof globalvisibility analysisto radiositycom-
putations,an importantproblemin image synthesis. Given the
complexity of both the visibility and radiosity approachesised,
it was surprisinglyeasyto couplethe two processesWe did so
usingan abstractiorin which interactionsbetweenpolygonswere
maintainedalongwith all potentiallyblocking polygons.We argue
that,for aninterestingclassof largemodels inter-polygonvisibil-

ity hasroughly constanitomplexitythroughouthe interior of the
model.After constructiorof aspatialsubdivisiorfor themodel,the
visibility algorithmswe presentare outputsensitive;they expend
work proportionato theamountof inter-polygorvisibility present.

Noneof the visibility algorithmsattemptto computeexactvis-
ibility information. However,theyachieveprecisionin a different
senseby reportingall visibilities conservativelypotentiallyvisible
interactionsarealwaysreported.

Only blockerscanoccludea specifiedsourcefrom a specified
emitter. Thus, the blocker list formulation is applicableto the
problem of discontinuity meshingin the presenceof arealight
sourceg§12,13,14,21],aswell astothecorstructionof an™ " oracle"
to decidewhich,if any,amongacollectionof discontinuitieshould
be meshediponearliest.

We showedthatthe visibility analysissignificantly accelerated
a radiosity computationin a polygonalenvironment.Finally, we
demonstratethe successfubpplicationof someelegantconcepts
suchaslinespacendalgorithmictriageto the concreteproblemof
constructiorandincrementamaintenancef blockerlists.
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