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Abstract. Thispaperdescribesnovel from-regionvisibility algorithm,theunique
propertiesof which allow conductingremotewalkthroughsn very large virtual
ervironmentswithout preprocessingndstoringprohibitive amountof visibility
information. The algorithmretainsits speedandaccuray evenwhenappliedto
large viewcells. This allows computingfrom-region visibility on-line,thuselim-
inating the needfor visibility preprocessingThe algorithm utilizes a geomet-
ric transform,representingisibility in a two-dimensionalspace the dual ray
space Standardenderinghardvareis thenusedfor rapidly performingvisibil-
ity computation.The algorithmis robust and easyto implement,and cantrade
off betweenaccurag and speed We reportresultsfrom extensive experiments
thatwereconductedn a virtual ervironmentthataccuratelydepicts160square
kilometersof the city of London.

1 Intr oduction

In a remotewalkthroughscenario,a large three-dimensionavirtual ervironmentis
storedon a sener. The client performsan interactize walkthrough,via a remotenet-
work connectionwith no a priori informationregardingthe ernvironment.Theclientis
assumedo possesthecomputationatesourcegquialentto thoseof a personalvork-
station,not beingableto rendera signi cant portion of the environmentin real time,
noreven t it into its memory

This scenaridoringsaboutthe needfor selectivaransmissionthe crux of whichis
thatthesenermonitorstheclient's (virtual) locationduringthewalkthrough andtrans-
mits the relevant portionsof the sceneto the client. A selectve transmissiorscheme
mustcarefullybalanceébetweerthenecessityof not causingerrorsor visualartifactson
theclient's side,andthedesirabilityof real-timeframerates.

To keepthe client's frame-ratehigh, the sener hasto ensurethatthe setof objects
displayedby theclientis ascloseto thesetof visible objectsaspossible Unfortunately
the ideal situationin which the client alwaysrendersonly the visible objectsis com-
putationallyinfeasible.However, conservativerisibility algorithmscanbe employed,
which ensurethat the client rendersall the visible objects,aswell assomeoccluded
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Fig. 1. The resultsof the algorithm for a viewcell of size 50x50x2 metersthat partly lies on

London’s Oxford street.The algorithm has detectedthat the whole length of Oxford steetis

visible (blue)from theviewcell (green),andwasableto marktheimmediatelysurroundingareas
asoccludedred).Thetall greenwireframeboxis drawvn in orderto marktheviewcell's location.

Resultsfor this viewcell areshavn in Figure6(a)aswell.

ones.Consenrative visibility algorithmsthat performwell in practicehave beenthe
subjectof intensve studyfor the pastdecade.

From-pointvisibility algorithms[5,12,14,29] are not suitablefor remotewalk-
throughs sincethey necessitatéransmittingvisibility change®very frame,giving rise
to unacceptableommunicatiorlags,no matterhow fastthevisibility is computedTo
avoid the problemof lag, from-region visibility [4,8,15,22,24,28] canbe used.The
ideabehindfrom-region visibility is to partitionthe spacento a grid of viewcells. For
eachviewcell, thesetof objectsvisible from atleastonepointinsidetheviewcellis con-
senatively estimatedyielding a Potentially Visible Set(PVS)thatis associateavith the
viewcell.

While the clientis in a certainviewcell, the sener transmitsthe PVS of the adja-
centviewcells. This alleviateslag, sincethe client doesnot have to wait every frame
for updatedrom the sener. Rather the setof objectsdisplayedby the client changes
only whenaviewcell boundaryis crossedBy thetime theclientleavesa viewcell, the
PVS of the next viewcell hasalreadybeentransmitted andthe walkthroughproceeds
smoothly

This approactdoesnot comewithout cost.Sincethe PVS of eachviewcell contains
informationaboutthe visibility of the whole scengfrom thatviewcell), andthereis a
large numberof viewcells, the overall amountof visibility informationthat hasto be
storedonthe seneris enormousAlthoughcompressioscheme$ave beendeveloped
speci cally to tacklethis problem[11,26], it is still very relevantand prohibitive for
largescenesuchasurbanmodels.

The spaceproblemis exacerbatedy the fact that previous approacheso from-
region visibility computatiorareef cient primarily whendealingwith relatively small



viewcells (with the exceptionof [9, 24,25], which are dedicatedto in-doors walk-
throughs).This implies thatlarge scenesave to be partitionedinto tensof thousands
of viewcells,the PotentiallyVisible Setsof which have to be computedandstored.

Anotherbothersomespectconcerningsmall viewcells is the fact thatthe time it
takestheclientto crossoneviewcell is short.If duringthattime the senercannotcom-
pletethe transmissiorof thevisibility changerequiredfor proceedingnto anadjacent
viewcell, visually disturbingerrorsoccur This is essentiallythe sameproblemof lag
thatoccursif the senerusesfrom-pointvisibility computationNotethatthedifference
in visibility from two adjacenviewcellscanbevery signi cant, evenif they aresmall.

In this paperweintroduceadifferentapproacho computingfrom-regionvisibility,
which eliminatesthe needfor preprocessingndstoringprohibitive amountof visibil-
ity information,anddoesnotintroducelag. Thespeedandaccuray of ourfrom-region
visibility algorithmareretainedfor very large viewcells. This allows utilizing from-
region visibility computationon-line. While the client traversesone (large) viewcell,
the sener computeghevisibility informationfor adjacenwiewcells. The speedof the
algorithmallows computingandtransmittingthis visibility informationbeforetheclient
reacheshenext viewcell, andits accuray (seeFigurel) ensureshatthe PVSis small
enoughto bedisplayedby theclientin realtime.

Thenext sectionsuneys previousapproachet from-regionvisibility computation,
andoutlinesthe speci ¢ propertief our approachSection3 givesanoverview of our
algorithm,which is thendevelopedin Sections4 and5. Implementatiordecisionsand
experimentakesultsarereportedn Section6, andwe concludein Section?.

2 From-regionvisibility

Detectingthe objectsthat are visible from at leastone point in a three-dimensional
viewcell is inherentlya non-linearfour-dimensionalproblem[7, 23]. Exactsolutions
to thefrom-regionvisibility determinatiorproblemareconsideredmpractical.ln fact,
no suchsolutionshave explicitly appearedn computergraphicsliterature,with the
exceptionof [7, 23]. Insteadyesearcherbave concentratedn providing practicalcon-
senative algorithmsthatoverestimatehe setof visible objects.

For generalscenesconserative methodswere introducedthat take into account
only the occlusionof individual large corvex occluderd4, 21]. It wasshavn thatsuch
methodsare only effective if the viewcells are smallerthan the occluders[18]. For
largeviewcells,occlusiormayariseoutof thecombinedcontribution of severalobjects.
Often, a “cluster” of small objectsoccludesa large portion of the scene while the
individual occlusionof eachobjectis insigni cant.

New techniqueshave recentlyemegedthat attemptto performocclusionfusion,
thatis, captureocclusioncauseddy groupsof objects[8, 15,22,28]. Durandet al. [8]
perform from-region visibility computationby placing projection planesbehind oc-
cluders,and projectingobjectsonto theseplanes.Koltun et al. [15] “slice” the scene
andaggrayateocclusioninside eachslice to form large virtual occludersSchau eret
al. [22] discretizethe scendnto a hierarchyof voxelsanddetermineocclusionby test-
ing the voxels againstthe umbraeof the occludersWonkaet al. [28] prove that after
the occludersare appropriately'shrunk”, samplingthe visibility at discretelocations



onthe boundaryof the viewcell providesa consenrative estimateof the visibility from
theviewcell. Furtherdiscussioron theserecenttechniquesanbefoundin [3].

The from-region visibility algorithm presentedn this paperutilizes a novel geo-
metric transformthat mapsraysin object-spacdo pointsin image-spaceThis alter
native representatiomf visibility allows the problemto be consenratively discretized
andsolvedrapidly, usingstandardenderinghardware.Theresolutionof thediscretiza-
tion canbe adjustedo tradeoff betweeraccurag andspeedThealgorithmhasbeen
successfullyappliedto viewcells that are much larger than individual occluders(see
Figure 6(b)). Its accurag and speedallow computingfrom-region visibility on-line,
eliminatingthe needfor visibility preprocessingdt thusprovidesinherentsupportfor
dynamicremoval andadditionof objects.

3 Overview

Thealgorithmprocesseamodelthatis representebtly ahierarchicabpacesubdvision;
we usea kd-tree Eachnodeof this spacesubdvisionis associateavith anaxis-aligned
boundingbox, andwith the objectsthat are (perhapspartially) containedn this box.
Theboundingbox associateavith anodeis completelycontainedn the boundingbox
associateavith thenodes parent.

For agivenviewcell, ouralgorithmhierarchicallytraverseghis subdiisionin atop-
down fashion.For eachsubdvision node thealgorithmdeterminesvhetherthebound-
ing box of the nodeis visible from the viewcell. Whenan occludednodeis reached,
therecursionterminatessincethe childrenof thatnodeareguaranteedio beoccluded.
This early terminationstrateyy contributesto the speedof the algorithm, by allowing
large portionsof thescenedo beculled afterjust onevisibility determinatiorquery

Thecell-to-cellvisibility determinatioralgorithmis the coreof thesystemDenote
the axis-paralleboxescorrespondingo the viewcell andto somesubdvision nodeby

and , respectiely. Denotea collectionof occludingobjectsby . The algorithm
determinesvhether and aremutuallyvisibleamong . and aresaidto be
mutuallyvisibleif thereexistsaline sgmentwith oneend-pointn  andanotheiin
thatis disjointfrom all objectsof . Thecell-to-cellvisibility determinatioralgorithm
operatedy rst reducingthe problemto planarvisibility determinatiorasdescribedn
Sectiond, andthensolvingthis planarproblemasdescribedn Sectionb.

Simplifying assumptions.Thereis noknown rapidfrom-regionvisibility algorithm
thatis alsoexact. Thisdoesnotseenlik ely to changedueto thefour-dimensionahature
of the problem,andthe complex geometricstructureof visibility events[7]. Practical
conserative algorithms[4, 8,15,22,28] necessarilgiscretizeor simplify the problem
in someway. Onecommonstratay, whichis adoptechereaswell, is to assumehatthe
inputscengmoreaccuratelythesetof occluders)s 2.5D[4, 15,28].

Clearly, one can constructa scenein which this assumptioris too restrictive for
ary signi cant occlusionto bedetectedSucha scenanaybe,for example,arandomly
generatedsoup” of long andslim triangles We consideisuchsceneso beof relatively
little interestto the practicalusesof the presentedlgorithm.A commontype of input
scenedor walkthroughsystemss urbanernvironmentswherethe mostimportantoc-
cludersarebuildings, large partsof which are2.5D dueto engineeringconstraintsin



architecturabcenesmuchof theocclusionis alsocausedy 2.5D objects Evenif avir-
tualervironmentis not speci cally designedo modela city, abuilding, or alandscape,
it is rareto comeacrossa commercialirtual ervironmentthatis notlargely 2.5D.

Moreover, “good” occluderscanbe synthesizedrom arbitraryinput objects.Syn-
thesisof large corvex occluderswas studiedby Andujar et al. [1], and similar tech-
niguescanbeappliedto synthesiz&.5D occluders.

In light of theabove,we do notregardtreatmenof 2.5D scenegwhich hasbecome
commonplacegasoverly restrictive.

4 Reductionto aplanar problem

Thealgorithmhasto decidewhethertwo axis-paralleboxes and aremutuallyvis-
ible. We now shaw how this problemcanbereducedo planar visibility determination.
We startwith a simpleobsenation.Denotetheedgesoundingtheupperfaceof ()
by (respectiely, ), for

Obserwvation1l and aremutuallyvisiblewithrespecto if andonlyif and
are mutuallyvisible with respecto , for some . In otherwords, and
are mutuallyvisibleif andonly if their upperrims are.

Proof. Itisobviousthat and arevisibleif theirupperrimsare.Wethusconcentrate
onthe“only if” part,statingthatif and aremutuallyvisible thentheir upperrims
alsoare. and aremutuallyvisible if andonly if thereis a visibility segment
betweenthem. is disjoint from andhasone end-pointin the interior of  and
anotherin the interior of . Considerthe semi-in nite vertical “wall” de ned asthe
union of upwardverticalraysoriginatingfrom . Sincethe occludersare2.5Dandare
disjointfrom , they arealsodisjointfrom thiswall. Also, thewall mustcontainatleast
onepointbelongingto theupperrim of  andanotherpointbelongingto theupperrim
of . Sinceit is corvex, it alsocontainghe sggmentconnectinghesetwo points.Thus,
thereexistsa sgmentconnectingheupperrimsof and thatis disjointfrom

We now de ne thetermshaft thede nition is illustratedin Figure2. Let and
bethetwo verticalplaneshatsupport and .Let and betwo parallelvertical
planeghatseparate and ,suchthat containsafaceof and containsaface
of .Let beaplanethatcontaingwo parallelhorizontaledgespneof andoneof

,andsupports and from above.(In generaltherearetwo suchplanes.Let be
theplanethatsupports and frombelov. Theshaft  istheareaboundedy ,

., ,and .(Noticethatourde nition of ashaftis differentfrom thatin [13].)

Obsenation 1 impliesthatthereexists a visibility ray between and insidethe
shaft  onlyif thereexistsavisibility ray onthe“ceiling” of . More preciselylet

denotethe point ,andlet  denotethe point . Similarly,

is denotecby , and is denotedby . Also, denoteby
the collection of intersectionsof the polygonsof  with , which is a collection of
sgmentson . and aremutuallyvisible among only if the segments
and , bothlying ontheplane , aremutuallyvisibleamong . We have thus
reducedhe problemto planarvisibility determinatioron
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Fig. 2. The constructioninvolved in the reductionto a planarproblem.The shaft is shavn
®lled.

5 Planar visibility determination

Giventwo sggments and in theplane,anda collectionof occludingsegments
we wish to determinewhether is visiblefrom . We rst provide a simpleanalytic
algorithmfor this problem,whichis thencorvertedinto arapid hardware-assistedne.

5.1 Exactanalytic algorithm

We de ne a boundediwo-dimensionakpace the dual ray space suchthat every ray
originatingon  andintersecting correspond$o apointin this spaceQuralgorithm
“marks” all pointsin theray spacethatrepresentaysthatpassthroughoccludingseg-
ments.Visibility is thendetectedby checkingwhetherthereis at leastone point that
hasnot been“marked”.

Morepreciselyparameterize and as and ,
respectiely. Let betheunit square , suchthata point
in correspondso theray originatingat andpassinghrough

De ne amapping thatmapseachpoint tothecollectionof points
in thatcorrespondo rayspassinghrough . For ary , isaline sgment
in . For asggment , parameterizeds , is de nedto be
thecontinuouscollectionof sgments . Thiscollectionis bounded
by theseggments and thatcorrespondo theend-point®f . In general,

it formseitheratrapezegFigure3(a)) or a double-trianglgFigure 3(b)), dependingon
whethertheline containing intersectgheinteriorof  or not.
This implies a simple exact algorithmfor determiningwhether s visible from
: Map eachsegment to andcomputethe unionof theresultingtrapezesand
double-trianglegi.e. ). This computationcan be performedin worst-case
optimal time without employing complex datastructureqd6]. If and are
mutuallyvisible, thereis a point thatis notcontainedn this union. Thepoint
correspondso avisibility ray (seeFigures3(c) and3(d)).
Thedualray spacemapping bearssimilaritiesto otherdualitytransformssuchas
thestandardluality transformin computationageometry[6] andthe Houghtransform,
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Fig. 3. Simple scenegtop) andtheir dualray space(bottom).In this ®gure,eachtrapezein the
ray spacehasthe color of the sggmentit correspondgo. (a) and (b) eachshav an occluding
segment. isoccludedrom in (c)andis visiblein (d); theblackpointin theray spaceof (d)

correspondso the dashedsisibility ray.

which is usedfor line detectionin imageanalysis[16]. However, the dual ray space
is a boundedregion (as opposedto the in nite dual planesof the above-mentioned
transforms)that canbe ef ciently discretized.This is a crucial advantagethat sened
asthe main motivation for the currentde nition of the dual ray space.n this sense,
thedualray spacds similar to thelumigraph[10] andthelight eld [17]. (Noticethat
Gortler et al. [10] also usethe term “ray space”.)In the context of relatedwork in
computationabeometryour exactalgorithmcorresponds$o local computationof one
faceof the visibility complex [20]. The visibility complex hasbeenpreviously applied
to ray-tracing[2] andradiosity[19].

5.2 Hardware-acceleratedalgorithm

We wish to determinewhether coverstheunitsquare . Thiscanbeac-
complishedconsenratively by discretizing into a bitmap and renderingall

onto this bitmap using graphicshardware. All are dravn in white, without z-
buffering or shading,onto aninitially black backgroundIf a black pixel remainsthe
sgments and arereportedo be mutuallyvisible. This algorithmavoidsthe com-
plex analyticcomputatiorof the unionandalleviatesrobustnesgproblemscommonin
geometricalgorithms.

The default behavior of OpenGLis to color a pixel if its centeris insidea drawn
polygon.This may causenaccuray, sinceour algorithmis conserative providedthat
only the pixelsthatarecompletelycoveredby arecoloredwhite. This be-
havior is ensuredoy “shrinking” the double-trianglesndtrapezesprior to rendering.
Their edgesaremovedinwardby ~ , where is half the pixel size (seeFigure4).
The centerof a pixel is inside after shrinking,only if the pixel wascompletely
coveredby it prior to shrinking[27].
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Fig.4. The greenpixels are properly containedin (shavn dashed)andtheir centersare
containedn the @shrunk® (shavn solid). The yellow pixels areonly partially coveredby
, but their centersarecontainedn ; shrinkingpreventsthemfrom beingcolored.

The processof checkingwhetherthereareary black pixelsleft after renderingis
acceleratedising the OpenGL minmax operation,part of the OpenGL1.2 standard.
Theminmaxoperationallows a quick determinatiorof the minimal (or maximal)pixel
color in the framebuffer. It canthereforebe usedfor decidingwhetherthe buffer is
fully white or containsa blackpixel.

Theimage-spaceatureof thedescribedlgorithmallowsit to beappliedhierarchi-
cally, in amannersimilar to [29]. We canusea low-resolutionbitmapto represent
andrapidly renderall ontoit. If theresultingbitmapis notfully white, a bitmap
of higherresolutionis usedto re ne thetest,yielding alessconserative PVS.

6 Results

Thealgorithmsdescribedn this paperwereimplementedandtestedonanIBM A20p
laptopwith a 750MhzPentiumlll CPUandan ATl RageMobility graphicscard.The
exact planarvisibility algorithm (Section5.1) was alsoimplementedfor the sale of
comparisonQOur testmodelaccuratelydepicts160 sq.km. of London. It wascreated
usingaerialphotographsandcomprisesl.7 million polygons.

Onegoal of our experimentsvasto determinean effective resolutionfor the dis-
cretizationof the dualray space Thereis a cleartrade-of involved.Higherresolution
yieldsalessconserative PVS, at the costof computatiorspeed Anothergoalwasde-
termininganeffective viewcell size.Smallviewcellsinducelag, but prohibitively large
portionsof the scenearevisible from viewcellsthataretoo large.

We have testedthe algorithmwith viewcells of sizesrangingfrom 50x50metersto
300x300meters,andwith discretizationresolutionsrangingfrom 16x16to 256x256.
All the viewcellswere2 metershigh. The averagetime to computethe PVSis shovn
in Table 1, for a sampleof viewcell sizesanddiscretizationresolutions.Table 1 also
shavstheimpactof thediscretizatiorresolutionon the overestimatiorof the PVS.The



Resolution Time (sec.) Overestimation (%)
Viewcell Size Viewcell Size
50x50100x100300x30050x50100x100300x30
16x16 | 0.4 0.5 1.8 |0.391| 0.518 | 1.192
32x32 0.6 0.7 2.7 |0.335 0.436 | 0.901
64x64 0.9 1.1 4.1 (0.185 0.240 | 0.533
128x128 | 2.1 25 7.8 |0.012] 0.026 | 0.106
256x256 | 6.6 7.9 24 10.001] 0.005 | 0.019

Table 1. The effect of the discretizatiorresolutionon the speedandoverestimatiorof the algo-
rithm.

overestimations givenby

where s the sizeof the occludedareasascomputedusingthe exact planaralgo-
rithm, and is the size of the occludedareas,as computedusing the conserative
planaralgorithm.Oneof the advantageof this measuras its independencérom the
depthcompleity of themodel.

Tablel shavsthatthe speedf thealgorithmdirectly depend®n thediscretization
resolution.Hence,using bettergraphicshardware canfurther acceleratehe visibility
computationThisindicateghatwe have madethefrom-regionvisibility determination
problemhardwareintensve.

Basedon our experimentswe have choserto work with viewcellsof size100x100
metersanddiscretizatiorresolutionof 128x128.The PVS of a100x100viewcell in the
Londonmodel consistsof on average8K polygons(0.5% of the model). This means
thata clientusinga personalvorkstationcanrenderthe PVSin realtime.

Beforethewalkthroughbegins,thesenercomputesandsendghePVSof theinitial
viewcell andthe eightviewcells adjacento it. During the walkthrough the sener en-
suresthatthe clientrecevesthe PVS of a viewcell beforereachingit. Sincethesener
doesnot know in advancewhich viewcell the client will enternext, this necessitates
computingandtransmittingthe PVS of up to ve adjacentviewcells while the client
traverses singleviewcell, asshovn in Figure5. Assumingaveragewalkthroughspeed
of 6km/h,suchcomputatiortakes12.5secondsn average(Table 1), which leaves47
secondgor transmittingthe vevisibility changeso theclient,consideringhefactthat
crossinga single100x100viewcell at this speedakesaboutoneminute.

Evenin thecaseof aslow network connectionthis clearlyshavsthatremotewalk-
throughscanbe conductedinhinderedoy network lag. The large size of the viewcells
givesthesenerenoughime to computeandtransmitthevisibility information.Theal-
gorithm's speedhllows performingvisibility computatioron-line.Finally, theaccurayg
of the algorithmensureghatthe PVSis small enoughto be displayedby the clientin
realtime.
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Fig. 5. A client'spathin themodelis shavn in red.Whentheclientcommencethewalkthrough
atviewcell it hasthePVSof andthegreenviewcells.Upontheclient'sarrival atviewcell

, thesener startscomputingthe PVS of the blue viewcells. Experimentshaw thatthe client
will receve the PVS of all the blue viewcells beforereachingary one of them.In similar
fashionthe sener ensureshroughoutthe walkthroughthatthe client never reaches viewcell
beforeits PVSis recevedby theclient.

7 Conclusion

We have presentec novel from-regionvisibility algorithm.Its centralideais analter
native representationf visibility in thedualray spacewhichallows utilizing standard
renderinghardwarefor visibility determinationThe algorithmis simpleto implement,
is robustdueto working primarily in image-spacegndcantradeoff betweeraccurag
andspeedIt wasshown to be ef cient evenwhenappliedto large viewcells. This al-
lows remotewalkthroughsto be conductedwithout preprocessingndstoringa priori
visibility information.
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(a) A viewcell of size50x50x2

(b) A viewcell of size300x300x2

Fig. 6. Resultsof two experiments.Overviews of 25 squarekilometersof the London model
areshawvn, with outlinesof the buildingsin white. The algorithmhasclassi®edhe red areasas
occludedfrom the greenviewcell, which is 50x50x2meterdargein (a), and300x300x2meters
largein (b). Discretizationresolutionof 128x128wasused.



