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Abstract

UsingProjectionto accelerateRayTracing

AnastasiaBezerianos

M.Sc.

GraduateDepartmentof ComputerScience

Universityof Toronto

2001

Thehighcostof RayTracingimagerenderinghasdrivenmany researchersto deviseaccelera-

tion techniqueslikeboundingvolumehierarchies.

This thesisintroducesnew ways of building boundingvolume hierarchies. We modify

existingalgorithmsto useboundingvolumesprojectedontotheviewing andlight planes.This

allows fastertraversalof lesstight hierarchies.First, hierarchicalstructuresareconstructed

usingonly the informationderived from the projectionof the boundingvolumes. Second,a

view independenthierarchicalstructureis projectedontotheviewing andlight planes.Finally,

we augmenteachof theprevioushierarchieswith testingraysagainstboth theprojectedand

the view independentvolume. Thus fast traversalof the hierarchyand tight modelingare

combined.

TestingdemonstratesthatprojectionhierarchiesaccelerateRayTracingwhenthenumber

of objectsin a sceneis largeandthenumberof possiblehierarchiesto choosefrom is limited.
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Chapter 1

Intr oduction

Oneof themostversatileimagerenderingtechniquesintroducedin literatureis RayTracing.

It is simple,elegantandeasily implemented.Furthermore,it canmodelaspectsof realistic

photographssuchasreflections,refractions,andshadows in anintuitiveway.

1.1 Ray Tracing, a fast overview

RayTracingis a global illumination renderingmethod.Thetechniqueaddressesseveralcom-

putergraphicsproblems:visibility, clipping, light propagation,andshadows. In its simplest

form, ray casting,themethodsolvesthevisibility problemby identifying theclosestobjectat

eachimagepixel.

In raycasting,raysof light aretracedfrom theeye,throughtheimageplane,ontothescene.

Theseraysaretestedagainsttheobjectsin thescenein orderto determinepossibleintersection

pointswith any objects.If noobjectis hit by theray, thepixel from wheretherayoriginatedis

attributedthebackgroundcolor. This techniqueis alsoreferredto asBackwardRayTracing,

sincelight raysarenot followedforward,from thelight sourceto theeye,but backwards,from

the eye to the light source. The color returnedby the ray is setas the color of the pixel of

origin.

Several issuesinvolving realistic rendering,suchas shadows, reflection, refraction,are

1



CHAPTER 1. INTRODUCTION 2

dealtwith verysimplyandeffectively by RayTracing.

Figure1.1: The courseof a light ray from the

eyeE ([Gla89])

Figure 1.2: The ray tree for Fig 1.1

([Gla89])

1.1.1 Shadow Rays

Whenthecolor of a point on anobjectneedsto becomputedit mustbedeterminedif a light

sourceaffectsthissurface.Thus,from any visitedsurface,shadow raysaresentto all thelight

sourcesin the scene.If a shadow ray hits an opaqueobjectbeforereachingthe light source

thenthesurfaceis in shadow with respectto this light source,i.e. this light doesnotcontribute

to thecolor of thesurface;on theotherhand,if theshadow ray reachesthe light sourcethen

this sourcecontributesto thesurfacecolor. This typeof ray is alsocalledillumination ray.

The above simplecheckis only effective whentrying to rendersceneswith point lights,

that is light sourcesthat illuminate in a singledirection. For arealights many shadow rays

mustbecastfrom thelights to theobject,in orderto accuratelysamplethearealight.

1.1.2 ReflectionRays

Shiny surfacesactlikemirrorsandreflectotherobjects.In orderto find thelight thatis reflected

on a surfacein RayTracing,a reflectionray is shotfrom thereflective surfacein thedirection

dictatedby thedirectionof theincidentray(eg. therayfrom thecamera).For perfectreflection
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surfacesthisdirectionis unique,computedasseenin Figure1.3.To determinethecolorof the

reflectionray, the ray is tracedbackwardsuntil the object from which the light originatedis

found. Thecolor of this objectis thecolor of thereflectionray andit contributesto thecolor

of theshiny surface.

Figure1.3: ReflectionRays,from [Gla89]

1.1.3 Refraction Rays

As in reflection,refractionanglesareuniquefor a specificray hitting an object(Figure1.5)

thusrefractionray casting,asin reflection,providesa way to rendertransparentsurfacesthat

transmitlight (medium)(Figure1.4). By following thetransmittedray backwardsthecolor of

theraycanbedetermined.

Figure1.4: TransmittedRays,from [Gla89]
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1.1.4 Limitations

1.1.4.1 Aliasing

TheRayTracingrenderingalgorithmsuffersfrom someinherentdrawbacks.Firstof all, since

RayTracingis apointsamplingalgorithmaliasingproblemscanoccur, whichis to beexpected,

sinceit representscontinuousphenomenausingdiscreterepresentations.Severalmethodshave

beenproposedin order to addressthe aliasingeffect. The simplestone is supersampling.

Accordingto it, for everypixel, severalraysshouldbecastandtheiraveragecolorwill provide

thefinal color for thepixel. This techniquedoesnot really eliminatethealiasingproblem,it

reducesit. Needlessto sayit canbealsoveryexpensive.

A morerefinedmethodis adaptive supersampling[Whi80]. Accordingit, for every pixel

5 raysare shot (4 from the cornersandone in the middle of the pixel). If theserayshave

approximatelythesamecolor, thenthecolorof thepixel is theaverageof the5 rays’colors.If

oneof therayshasadifferentcolor, thenthepixel is viewedas4 segments,eachonesampledas

a pixel (5 rays).This methodis moreefficient thansimplesupersampling;neverthelessit still

doesn’t addresstheproblemfully, since5 similar coloredraysdo not guaranteethatno small

objectexists in the pixel in oneof the smallerareas.Moreover, thegrids visitedareregular.

Stochasticor distributedray tracing[DW85] abandonsthe ideaof a regular grid andinstead

sampleseachpixel by a numberof uniformly distributed rays, thus addressingthe aliasing

problemthat comesfrom regular grids (jaggies,poppingedges).Neverthelessthis approach

introducesnoiseinto thepicture,becauseeverypixel is anaverageof anumberof randomrays.

Finally, statisticalsupersampling[LRU85] usesstatisticalmethodsto determinethenumberof

raysthatshouldbesentthrougheachpixel, in orderto achieveadesirederrortolerance.

1.1.4.2 SpecularInteractions

Another limitation of ray tracingis that it considerstotally specularinteractions,with either

perfectlyreflectedor refractedrays(Figure1.5).
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Figure1.5: Specularreflectionandrefractionangles,from [Gla89]

Thusraytracedscenesdon’t easilyshow colorbleeding(whereabrightly coloredsurface’s

color will ”bleed” ontoadjacentsurfaces),asseenin Figure1.61 Nevertheless,diffusereflec-

tions canbe accomplishedby combiningray tracingwith anotherlight simulationapproach,

radiosity.

1The”color bleeding”imagewasmodeledby StephenSpencerusingin-housemodelingandanimationsoft-
wareandrenderedwith theRADIANCE globalillumination package.Copyright 1992,ACCAD, TheOhio State
University.
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Figure1.6: Exampleof color bleed.Both theredandbluewalls ”bleed” their color onto the

whitewalls,ceilingandfloor.

1.1.4.3 Efficiency

Finally, thebiggestandmostdifficult to addressproblemof ray tracingis its time cost.

Assumethatthecameraor eye is placedin world coordinatesatpositionE. Thenthepseu-

docodeof asimpleray traceris roughlyasshown in Figure1.7.

Soassumingwehave � objectsandan ��
������ resolutionimage,thenthetimecomplexity

of theapproachis ����������
�������� . As this formulashows,this algorithmis very inefficient. It

becomesevenworseif onethinksthatthis is only thevisibility partof thealgorithm,aswell as

thefact that thetestfor ray-objectintersectioncanbeextremelyhigh (especiallyfor complex

objects).
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FOR each scanline in image

{

FOR each pixel in scanline

{

determine ray from E through pixel;

FOR each object in scene

{

IF object is intersected and the closest consid-

ered

store intersection and object name;

}

set pixel color to that of closest object intersec-

tion;

}

}

Figure1.7: A simpleray tracer

1.2 Moti vation

The time complexity of the Ray Tracingrenderingmethoddependson several factors. The

mostcomputationallyexpensive componentis the calculationof ray-objectintersections,so

thenumberof raysthatarecastandfail to hit objectsmustbeminimized.

As wementionedbeforethecostof thesimpleray traceris

��� �"! �#�$��
������%� ��&('�) *,+-�
(1.1)

Severalsolutionshave beenproposedover theyearsfor improving thetime requirements.

All of themaim at reducingthenumberof objectstestedfor intersection,sincethe
��&('�) *.+��
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in Equation1.1 is sohigh. Thusseveralstructuresthatidentify candidatesfor testingareused.

Thesestructurestry to modelascloseaspossiblethedistribution of objectsin thesceneand

have a creationcost
��'�/0*2143 ���-� , which dependsstronglyon the number � of objectsin the

scene;testinga ray againstthemshouldbe cheaperthanagainstan object. The costfor ray

tracingascenewith astructurefor identifyingcandidatesis givenby Equation1.2.Wedenote

by 576 *8� thenumberof raysthathit thestructureandby 579 *.:;:"! ��
<�=��� 	 5>6 *8� thosethat

fail to hit it, with a smallintersectioncost
� 9 *,:;: .

��� �"!?��'�/0*2143 ���-�-@$579 *.:A: � � 9 *.:A: @B5>6 *8� � �C�0�EDGFIH��0:JH
(1.2)

Thecost
�C�0�EDGF(HK��:;H

of traversingthestructure,aswell asthenumberof raysmissingand

hitting theobjectsof thescene,dependsonhow accuratelythehierarchicalstructurerepresents

thespatialdistributionof therealscene.Moreover, the
�C�0��DGF(H��0:JH

costandthecostof missing� 9 *.:A: the hierarchyis affectedby how cheapit is to test raysagainstthe structure. In the

traversalcostis containedthecost 5 & 9 *,:;: � ��& 9 *.:A: of raysthathit thestructureandfail

to hit anobject,aswell asthecostof intersectingthe 5 :A/GL successfulraysthathit anobject.

Thenumberof suchobjects,perray, is far lessthan � , asthestructurereducesthenumberof

potentialcandidatesfor testing.

In our work we will attemptto furtherreducethecost
� 9 *.:A: and

�C�0��DGF(H��0:JH
, that is the

calculationcostof rayshitting thestructure.Furthermore,wewill researchandteststructures,

in orderto find whichoneworksbestwith our accelerationtechnique.

Although therehasbeena rapid improvementof hardware,ray tracingperformancestill

hasn’t speedup enoughenoughto cover the needsof animatorsand designers. Moreover

peoplearealwaysmakingcomplicatedandexpensive scenes,soevenmorespeedis required

by the ray tracingtools. This is why in this work we try to improve the currentray tracing

performance.
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1.3 ThesisContrib utions

Theuniqueaspectsof thework presentedin this thesisare:

1. 2-dimensionalpre-projectionof boundingvolumes.

2. Hierarchybasedon the2-dimensionalboundingvolumes.

3. Introductionof anearest-neighborbasedbottomuphierarchy.

4. Comparativestudyof ray tracingboundingvolumehierarchyaccelerationtechniques.

In brief we arguethat the intersectioncalculationsbetweenraysandprojectedbounding

boxescan acceleratethe traversalof a hierarchy. We comparethe resultsfor several types

of hierarchiesandprove that the hierarchyselectivity greatlyaffects the performanceof ray

tracing.Finally, weshow thatthedominantcostof ray tracingis thatof theintersectioncalcu-

lationsat theleavesof a hierarchy(actualobjects)andthusthatthehierarchyqualitymatters.

1.4 ThesisOrganization

Our thesisis organizedas follows: After having introducedthe basicconceptsof ray trac-

ing andhaving briefly outlinedour work in this chapter, we will proceedin presentingwork

donesofar in thefield of acceleratingray tracingusingtechniquessimilar to oursin “Previous

Work” (Chapter2). We will thengivea detaileddescriptionof our ideasandsomeimplemen-

tation detailsin the “Overview of Our Approach” (Chapter3). The following two chapters

(Chapter4 and5) describein detail the relationbetweenboundingvolumesusedin literature

andray intersectioncost,andattributesof thehierarchicalstructuresusedto testour approach

respectively. Chapter6, apartfrom describingour testingstrategiesandmetrics,includesade-

tailedanalysisof theresultsof our testing.Finally, we summarizeour work andobservations

in the“Conclusion”of thethesis(Chapter7).



Chapter 2

Previous Work

A lot of work hasbeenput into acceleratingtheRayTracingengine,mainlybecausetheresults

of themethodareof suchhighquality. In [AK89] thetechniquesfor acceleratingRayTracing

arebasicallydivided in threecategories.We will adoptthis classificationfor our purposesof

presentingpreviouswork on thefield.

As statedin [AK89], accelerationmethodsaim eitherat reducingthe costof intersecting

rays,reducingthenumberof raysintersectingtheenvironment,generalizingtheraysasentities,

or acombinationof theabove.

In ourwork wefocuson fasterintersectionswith theenvironment.Sowewill presenthere

work doneover theyearsdealingeitherwith improving thetime complexity of intersectinga

raywith anobjector with reducingthenumberof raysthatneedto betestedfor intersections.

2.1 FasterRay-Object Intersections

Most of the objectsrepresentedin renderedimagesandanimationarequite complex. That

directly translatesinto expensiveray-objectintersectioncomputations.To goaroundthisprob-

lemtheideaof aboundingvolumewasintroduced[Whi80].

A boundingvolumeis a 3D objectthatcontainstheoriginal objectandis generallyeasier

to intersectwith thantheoriginal object. Giventhat,a ray is first testedagainstthebounding

10
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volumeandonly if this testis successfulis testedagainsttheactualcontainedobject.

Thereis a trade-off thoughbetweenthe simplicity of the boundingvolume(cheapinter-

sectioncomputation)and the tightnessof the boundingvolume(minimizing the numberof

raysthathit theboundingvolumebut not thecontainedobject).This trade-off is expressedin

Equation2.1by [WHG84], where5NM is thenumberof raystestedonaboundingvolume, O the

costof a testagainsttheboundingvolume, 5>P is thenumberof successfulhits on thebounding

volumeand Q thecostfor testingagainsttheactualobject.

�SRAT>U�! 5>MWV%OX@B5>PYVZQ (2.1)

Examplesof “cheap” boundingvolumes(Figure 2.1) are spheres,axis-alignedor non-

alignedboxesandcylinders.More sophisticated(tighter),andthusmoreexpensive,bounding

volumesincludeintersectionsor unionsof morethanoneboundingvolumesor otherclosely

fit convex volumes(Figure2.2).

Figure2.1: SimpleBoundingVolumes,from [AK89]

Figure2.2: Complex BoundingVolumes,from [AK89]
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Thetrade-off expressedin Equation2.1 is apparentin theresultsof our work. We chosea

sceneof theonestestedat Chapter6, the“tree” sceneof size11 anda hierarchicalalgorithm

used,theR-tree,whichwewill describein detail in Paragraph2.2.2.1.3.

As seenin Chapter4 thecostof intersectingtheproposed2D projectedboundingbox is 4

floatingpointoperations(FLOPS),while thatof anordinaryaxisaligned3D box is onaverage

27 FLOPS.However, aswe will discusslateron, 2D projectedboxestendto beconsiderably

lesstight than3D boxes.In Figure2.3wecanseehow thesimplicity of intersectingabounding

volume O affectsthenumberof rays 5>P thatsucceedin hitting theboundingvolumeandmust

betestedon thesimpleobject.Theseresultscorrespondto thescenein Figure2.4.

IntersectionCost O Average# Rays5>P
2D BoundingBox 4.0 513.1

3D BoundingBox 27.4 81.6

Figure 2.3: Tradebetweencomplicated/tightboundingvolumesand simple/looseonesfor

scenein Figure2.4.

Figure2.4: Treescene

We mustnoteherethat the big differencebetweenthe two typesof boundingbox in the

averagenumberof raysthatentertheboundingbox 5>P , in Figure2.3,arisesin partbecausethe

boundingboxesarearrangedhierarchically. Sotheloosenessof the2D boundingboxesleads

to moreunsuccessfulprobesdown thetree(for examplethroughtheintermediatelevelsof the
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R-tree,asseenin Paragraph2.2.2.1.3).

A moreillustrative exampleis that of Figure2.5. The comparedtightnessof the 2D and

3D boundingbox is more obvious, sinceno hierarchicalstructuresareusedto enhancethe

performanceof ray tracing.

IntersectionCost [ Average# Rays\N]
2D BoundingBox 4.0 67650outof 307200

3D BoundingBox 27.4 41596outof 307200

Figure2.5: Thesphereis our actualobject.Thebluebox is the3D boundingbox of thegreen

sphere(for aparticularangleof thecamera).Theredsquareis the2D boxthatenclosesthe3D

boundingvolumeof thesphere.In thetablewe canseethenumberof raysthatsucceededin

hitting the2D and3D box out of all theraysin thescene.Thesesuccessfulrayswill thenbe

testedagainsttheactualobjectenclosedin thesepresentedboundingvolumes,oursphere.

2.2 FewerRay-Object Intersections

The mostcommontechniquesusedfor reducingthe numberof raysthat areshot in a scene

areSpaceSubdivision techniquesandObjectHierarchies.Thebasicdistinctionamongthem

is thatSpaceSubdivisionmanipulatesthe3D spacebasedon theobjectsin thescene,whereas

ObjectHierarchiesgroupobjectsbasedon their positionin the3D space.
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2.2.1 SpaceSubdivision

3D spatialsubdivision techniquesareusedin orderto narrow down thenumberof objectsthat

aremost likely to be hit by a ray. Accordingto this setof algorithms,spaceis divided in a

top down fashioninto smallerpieces.Originally, theseextends(pieces)of thescenewereof

equalsize,generatinga regulargrid (Figure2.61). A commonnotionin all spatialsubdivision

techniqueis the voxel. A voxel is the smallestaxis aligned3D unit that canbe createdby

partitioningspace.Basicallyit is the3D equivalentof a pixel. Eachvoxel is associatedwith a

list of objectsfrom thescenethatarecontained(partiallyor wholly) in it.

Figure2.6: A regulargrid

Traversinga 3D grid, in theorderthepartitionsarehit by a ray, is alsoreferredto aswalk-

ing. A ray walking througha 3D grid needsonly to be intersectedwith theobjectscontained

in that grid (all of them,so that the closestintersectionpoint canbe found). Furthermore,

sincethe grids that the ray crossesarevisited in order, if a grid is determinedto containan

intersectionno furthercalculationsareneededfor thespecificray (Figure2.7)2. Nevertheless,

uniform3D grid structuresarevery inefficient,bothin termsof space(mayhaveabig number

of emptyvoxels) andtime (traversingemptyvoxels). Theseshortcomingsareaddressedby

1Imagefrom [FvDFH97]
2Imagefrom [FvDFH97]



CHAPTER 2. PREVIOUS WORK 15

severaladaptivesubdivisiontechniques.

Figure2.7: Spatialpartitioning.RayR intersectsonly A, B andC.

2.2.1.1 Octrees

An octree,asusedin [Gla84], is a datastructurecontaininga collectionof voxels. It is gen-

eratedby recursively subdividing therectangular3D spaceinto decreasingvolumes(voxels),

until eachvoxel containslessobjectsthanapredefinednumber. Thetechniqueis dynamic,i.e.

emptyvoxelsdo not needto besubdivided,oftenresultingin big emptyregions.If partof the

surfaceof anobjectpassesthrougha voxel it is associatedwith thevoxel andis storedinto a

list.

The accelerationof ray tracing using sucha structureis basedon the fact that we can

follow a ray throughthe compartments(voxels) that it traversesand test it againstonly the

objectsin thatvoxel. Theaboveadvantageis lost if theoverheadof moving from compartment

to compartmentis big andthis is whatthedatastructureof thevoxelstriesto address.

In theoctree,ateachstep,thenon-emptyvoxelsaresubdividedinto 8 equalchildren,using

aspartitioningplanesthe3 coordinateaxisalignedplanesthatgothroughthemidpointof each

oneof the axesinsidethe voxel volume(Figure2.8(a)). These8 childrenarelabeledby the
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numbercharacterizingtheir fatherandanextradigit from 1 to 8. They arethenassociatedwith

the list of objectsthat they contain.Thevoxelsarestoredandretrievedusinga hashtableon

theirnames.By avoidingexplicit child pointers,this reducesthestoragecost(Figure2.8(b)3).

The next voxel that a ray mustvisit is determinedby wherethe ray exited the previous

voxel, makinga smalladjustmentto makesurethatthepoint lies insideanadjacentvoxel.

Figure2.8: Spatialsubdivisionusinganoctree.(a)subdivisionof thescene;(b) subdivisionof

avoxel

2.2.1.2 BSPTrees(Binary SpacePartitioning) for simpleobjects

BSPtreeshave beenmostlyusedin visibility testingof scenescontainingpolygons.In a BSP

tree,a polygonfrom thesceneis chosenasthe treeroot andall theotherpolygonsareeither

addedto theleft child node(if they arein front of therootpolygon),or to theright child (if they

areat thebackof theroot),or to bothif theroot intersectstheparticularpolygon(Figures2.10,

2.9).Thesplitting is propagateduntil only onepolygon(or a fragmentof apolygon)is in each

leaf.

3imagefrom [Gla84]
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Figure2.9: Partitioningof sceneby planes Figure2.10:TheBSPtreefor Figure2.9

2.2.1.3 k-d tr ees

A variationof BSPtreesis usedby [Kap85] to accommodateall objects(not only polygons)

andto accelerateray tracing. The splitting planesof the scenearenow axis aligned(in the

originalBSPstructureany orientationis possible)in orderto speedupsplitting. Thisvariation,

alsoknownask-d trees,is quitesimilar in thesubdivisionprocessto octrees.Threeaxisaligned

planessplit thesceneinto eightequalvoxels.Eachobjectis testedagainsteveryvoxel andif it

is insidethevoxel theobjectis addedto thevoxel’s list of objects.Voxelswith abig numberof

objectsarefurthersubdividedusingthesameprocess.Emptyvoxelsremainasthey are,thus

thestructureadaptsto thespecificscene.Althoughthesubdivision processis quitesimilar to

thatof theoctree,thedatastructureis quitedifferent.

Eachtimeasplit accordingto aplaneis performedtwo new voxelsarecreated,aschildren

of theoriginalvoxel. Theplaneandtheaxis(orientationof thepartitioningplane)arestoredin

theroot. Voxelsareassigneda list of objectsthatareintersectedby thesurfaceof thatvoxel.

Theray-objectintersectionprocedureis a traversalof theresultingbinarytree,from root to

a voxel thatcontainsobjectsintersectingtheray. If no objectsintersecttheray in a voxel, the

next voxel is calculated,asin theoctree,andthenew insertionpoint at thevoxel is placedas

thenew beginningof therayat theroot.

The main differencebetweena k-d treeanda BSPone,asintroducedin [Kap85], is that

the partitioningplanesaredefineddifferently. In k-d treesan axis alignedplaneis fit for a

partitioningplaneat eachlevel of the tree,if it dividestheobjectsinto almostequalnumbers
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and“cuts” (intersects)asfew objectsaspossible.In otherwordsthepartitioningplanesin k-d

treesareflexible in termsof positionandchoiceof partitioningdimension.The subdividing

procedurestopswhenonebranchof thetreegetsexactly oneobjectcompletelyon onesideof

thepartitioningplane.If thisnodeis significantlybiggerthantheboundingboxof theincluded

object,thentheboundingbox is storedat thenode.

2.2.1.4 Observationsconcerning SpacePartitioning Techniques

Thek-d treestructureadaptsto objectsmorethantheBSPTreeandtheoctreeandresultsin

morebalancedtreesthanBSPTrees,sincek-d treescannothavedistinctvoxelsof largeempty

sections.Sothetraversalof thebalancedk-d treeis faster, but on theotherhandthereis a loss

in the intersectionefficiency, sincein both BSPTreesandoctreestheremay be large empty

sectionsthatarediscardedfast[SF90].

As farasoctreesareconcerned,theworstcasefor storagespaceis �����_^�� andtheconstruc-

tion time �����_^`� , where � is thenumberof objectsin thescene.On theotherhandtheworst

caseconstructiontime for BSPandk-d treesis �����badcfeg�-� andstoragespace�����-�,� . Theav-

eragecaseall theabovecomplexities is verymuchdependenton thedistributionof theobjects

in the scene,but in all casesit is closeto �����bahc4ei�-� for constructionand �����-� for storage

[Hav00], [dBvKOS98],[LG98].

Theabovemethodthatis spacebased(octree)is quiteinefficient in termsof spacerequire-

ments,sincethe storageof object informationis not linear in � (the very worst casethat can

ariseis ����� ^ � ), where� is thenumberof objects.Thiswill occurin thecasewhereeveryobject

is intersectedby apartitioningplaneor is includedin morethanonevoxel). On theotherhand

for theobjectbasedapproach(k-d tree)thisstoragecomplexity is considerablyless,indicating

thatobjectorientedtechniquesreducespacerequirements.

Furthermore,thefact thateachobjectcanbestoredin severalnodesof a structurerenders

theapproachesstaticor difficult to update.If for instanceanobjectwasto changeplacein the

sceneevery voxel linkedto this objectwould have to beupdatedandthevoxel would have to
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betestedagainagainstall voxelsof thestructure.Furthermore,thestructurewould have to be

reviewedagainin orderto join possiblenew adjacentemptyvoxelsor to subdividevoxelsthat

areno longerempty.

Theseparticularissuesof spacerequirementsandupdatingdifficultiesarebestaddressed

with boundingvolume(object)hierarchies,which focuson partitioningthesetof objectsin-

steadof spaceandmorespecificallywith adaptive hierarchiesthatcanaccommodatechanges

in thescenewithout having upgradingexcessive cost. This is why in our work we will focus

on thespecialcharacteristicsandtraitsof boundingvolume(object)hierarchies.

2.2.2 Bounding VolumeHierar chies(BV)

Thenotionof hierarchicalboundingvolumeswasoriginally mentionedin [RW80]. A number

of objectboundingvolumescanbecontainedin a parentboundingvolume. Raysthatdo not

intersecttheparentdo not have to betestedagainsttheenclosedboundingvolumes.Thusthe

numberof raysshotcanbe greatly reduced,by introducinga small overheadof testingthe

parentvolume.This techniqueappliedrecursively providesaBoundingVolumeHierarchy.

We will provide herean overview of suchhierarchicalalgorithms,organizedby the type

of BoundingVolumeusedasthelowestlevelsof theresultinghierarchy(boundingvolumesof

simpleobjects)aswell asintermediateparentvolumes.

2.2.2.1 AABB (Axis Aligned Bounding Boxes)

Oneof the mostcommontypesof boundingvolumesfor simpleobjectsare3D boxeswith

edgesalignedto the scenescoordinatesystem. Someof the proposedhierarchiesfor such

boundingvolumesarepresentedhere.

2.2.2.1.1 Bounding volume hierarchies In [GS87]anautomaticprocedurefor generating

objecthierarchieswasproposedandfor thefirst timethenotionof theprobabilityaraywill hit

an innervolumewasused.In [GS87], theproposedprocedurefor constructingthehierarchy
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treeis incremental.As eachobjectof thesceneis considered,thealgorithmmustdecidewhich

positionin thetreeis moreappropriatefor insertingthenew object. In orderto decidefor the

bestposition,the authorsintroducea costfunction,definedasthe areaby which a bounding

sub-treewould beincreased,werethenew objectplacedat its root. Thebestpositionto insert

thenew objectis theoneyielding theminimumcost. Thetime consumedfor the insertionof

eachobjectis thuslogarithmic.

More specificallytherearethreepossibilitiesfor addinganew object.

1. Createa new root with onechild beingthe old root andthe otherchild beingthe new

object.

2. Createanew root by simplyaddingthenew objectasanew child node.

3. Finally, the new objectcanbe addedasa descendant(not only child) of the root. In

this case,somechild hasto be chosenin order to accommodatethe new objectmost

efficiently.

In order to test the quality of the createdtreehierarchies,the authorscomparedthe ex-

pectednumberof boundingvolumeintersectionswith theonesthatactuallytook place. The

comparisonsdemonstratethat theactualnumberof intersectionsis very closeto theexpected

ones,while thetimefor renderingthesceneis reasonablylessthanthatof boundinghierarchies

constructedby otherautomatedprocedures.

2.2.2.1.2 Top Down Median Cuts Since[GS87]severalideashavebeenexpressedtoward

new waysto improve boundingvolumehierarchies.Althoughmostof theseideaswerepro-

posedto addressobjectcollision issues,somecanbeextendedto ray tracing.

Onesuchtechnique,usingaxisalignedboundingboxes,is thatproposedin [Ber97]. Ac-

cordingto this approach,a binaryboundingvolumetreeis built. For eachnode,startingwith

therootnodethatcontainsall theprimitives,thelongestaxisof theboundingvolumeis found

andthepartitioningplanewill bechosenorthogonalto it. This is a topdown approach,but not
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an incrementaloneasthat of [GS87]. It yields cube-like nodes,which is a goodfeaturefor

collision detection,but doesn’t provide any additionalbenefitsto ray tracing. A j coordinate

is chosenon the longestaxis,asthepoint wherethepartitioningwill occur. Accordingto the

experimentalresultsof thepaper, themedianof theAABB is thebestchoice.Soall primitives

in the AABB arecharacterizedaseitherpositive or negative with respectto the partitioning

plane.If theprojectionof aprimitive’smidpointon theaxisis greaterthan j thentheprimitive

is labeledaspositive;negativeotherwise(Figure2.114). If it sohappensthatall primitivesin

a nodeareclassifiedasnegative or positive, thenthesetof primitivesin thenodeis split into

two setsof almostequalsizeandtheprocedurecontinues.

Figure2.11:Thisprimitive is classifiedaspositive

2.2.2.1.3 R-tr ee TheR-tree[Gut84]is astructurefor handlingmultidimensionalpointdata,

thatwasadoptedby thecomputergraphicssociety. An R-treeis aheightbalancedtreewith its

leaf nodescontainingpointersto data-pointsandits nodescorrespondingto disk pages.This

structureis dynamicanddesignedin away thatspatialsearchrequiresvisiting few nodes.

Eachdata-pointis determinedby an � -dimensionalrectanglethatsurroundsit completely

(tight boundingbox). Having k asthe maximumnumberof entriesin a nodeand kml4n the

4imagefrom [Ber97]
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minimum,an R-treehasthe following properties:firstly, every non-leafnodeis thesmallest

rectanglethat spatiallycontainsthe rectanglesof the childrennodes,secondly, the root node

hasat leasttwo children(unlessit is a leaf), andfinally, all leavesappearin thesamelevel in

thetree.

WhenconstructingtheR-tree,a nodeis foundto insertentry o , in sucha way asto mini-

mizetheenlargementof thenodein which theentry is inserted.If thereis a tie thenodewith

theresultingsmallestareais chosen.After determiningthenodein which o is to beinserted,

if this nodehasno room,it mustbesplit andthetreemustbereadjustedwhererequired.The

split of an over-full nodecanbe donein threedifferentways: firstly, exhaustively, by find-

ing all possiblesplitsandchoosingtheminimumareasplits. It yields thebestresult,but has

���pn 9rqIs � complexity. Secondly, thesplit canbedonewith a quadraticalgorithmin k . This

split choosesthetwo entriesthat,if joinedwould cover themaximumareaandputstheminto

differentgroups.Therestareassignedto thetwo new groups.This split providesa smallarea

split, but doesnot guaranteethebestsplit. Finally, a linearsplit algorithmcanbeused.Two

entriesareagainchosen,theonewith thehighestlow side(of theboundingbox) andtheone

with thelowesthigh side,resultingin theextremerectanglein all dimensions.Theentriesare

normalizedby dividing their dimensionsby theextremerespective dimension.Thenthepair

with the greatestnormalizedseparationalongany dimensionis chosento form the two new

groups.Theremainingentitiesareassignedsimilarly to oneof thesegroups.

In the testingwe will provide, we will experimentwith the linearsplit usedin theR-tree,

in orderto achieve fasterconstructiontime.

Whendeletinganobject,theentryis locatedandis removedfrom thenodeit wasin; then,

if that nodehasfewer nodesthanit should,we eliminatethe nodeandreallocateits entries;

finally, thechangesarepropagatedup thetree.

This adaptive techniqueof building index treescanbemodifiedin orderto produceobject

hierarchiesfor ray tracing.Thenotionof boundingbox usedin this paperis equivalentto the

notion of boundingvolumein objecthierarchies.Both boundingboxesdenotea upperand
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lowervalueof anattribute(x,y,zcoordinates)acrossanaxis(dimension).Moreover, traversing

thetreedirectly translatesinto castingraysandtraversingobjecthierarchies.

2.2.2.1.4 R*-tr ee Several variationof the R-treehave appearedin literature. Oneof the

mostinterestingis theR*-treevariation[BKSS90],createdin orderto addressseveralof the

drawbacksof R-trees.

The R*-tree basicallyfollows the organizationof an R-treein all aspectsbut three. The

first thing thatdifferentiatestheR*-treeis thealgorithmfor choosingasubtreefor insertingan

entry. Hereanadditionalcheckis introduced.If thenodewe arevisiting is onelevel from the

leaves,thenwe chosetheentry thatneedsthe leastoverlapenlargementin orderfor thenew

entry to fit. This methodis quadraticin termsof the numberof elementsin a node,but the

authorsproposeto only checkasubsetof theelements,thelargestentries,for overlapping.

Furthermore,all entriesare sortedin every axis by the lower and uppervalue of their

rectangles( �����badc4ei�-� time)andwhena split is neededtheaxisis chosennotonly by thearea

increase(asin R-tree),but alsoby themargin increase(sumof lengthof sides)andtheoverlap

increase.Thesechoices,aswell asthechoiceof subtree,provide a treewith lessoverlapping,

andthussmalleraveragetraversalpaths.

Finally, in orderto addressthe non-deterministicnatureof the incrementalR-tree(asfar

asorderof inputsis concerned),whena split is neededon a node,a numberof theentriesof

the node(larger ones)arereinserted.This procedureyields a bettertreein performanceand

quality, but canresultin highcomplexity in thecreation(worstcasecloseto �K^ ). Nevertheless,

this is an optionalpart of the R*-tree implementationandwe chosenot to include it in our

testing.

2.2.2.1.5 Commentson Axis Aligned Bounding Volumehierarchies TheTopDown Me-

dianCutsapproach,althoughfitting for collisiondetectionbecauseit is fairly easyto refinethe

hierarchy, doesnot seemappropriatefor ray tracing. Thefact that themedianof a dimension

is usedcan result in more objectsat oneside of the tree. This will result in highly unbal-
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ancedanddeeptrees,whichtranslatesinto multipleraycasts.A goodsolutioninsteadof using

the medianfor partitioning, is to usethe point wherethe areaof the objects(not the scene

area)is balanced.Thisapproachis usedin Top-Down BinaryAxis Partitioningasdescribedin

2.2.2.1.2.Nevertheless,theabove techniquecanbeproblematicin sceneswherethemidpoint

of a boundingvolumeis not characteristicof theobject’s shape.Finally, it is not easilyadapt-

able. In otherwordsthehierarchycannotbereusedandupdatedwhenanobjectmovesin the

scene.

TheR-treeandR*-treeadaptive indexing methodsarequite fast( �����badc4ei�-� averagecre-

ationcomplexity), but do not yield optimalresults.Thestructureof theresultingtreesgreatly

dependson the order in which the elementswereinserted,andthereis a chancethat the re-

sulting treeswill be poor in quality and in performance( �����_^`� ), if no re-insertionis used.

Furthermore,the “empty” areain a node(areathat no child nodecovers) is not taken into

consideration.In thecaseof theR-tree,theoverlapbetweenparentnodesleadsto treeswith

increasednumberof pathsto betraversed,a situationdealtwith in theR*-trees.Thefact that

theR-treevariantshave insertionanddeletionalgorithmsmakesthemeasilyadaptablewhen

thescenedisplaysrelatively smallchanges.

2.2.2.2 OBB (Oriented Bounding Boxes)

Apart from AABB, hierarchiesof OBB’s have beenstudiedbecausethey fit thesceneprimi-

tivestighterthanAABB, resultingin asmallernumberof lostrays 5>P thathaveto beintersected

with theactualobjectin thecostequationEquation2.1.OBB’s,asmentionedin [AK89], have

beenusedfor yearsfor acceleratingray tracing. Nevertheless,when it comesto automatic

boundingvolumehierarchygenerationseveralproblemsarise,namelyhow to computea tight

OBB andhow fastcana ray intersectionbecalculated.

Several hierarchymodelshadbeenproposed,but noneof themworks well for large un-

structuredscenes,until [GLM96]. This technique,which constructsa hierarchyknown asthe

OBB-Tree,aimedat solving collision detectionissues.The choiceof OBB’s for a polygon
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primitiveaccordingto otherapproacheshasasfollows. All polygonsaretriangulatedandthe

meanandcovariancematrix of thevertex coordinatesarecomputed.Theeigenvectorsof the

covariancematrix aremutually orthogonalandafter beingnormalizedcanbe usedasbasis

vectorsto boundtheexternalvertices.Thepaperalsoproposestheuseof convex hulls of the

primitivesinsteadof thetriangulation.Sothemeanandthecovariancecomesfrom sampling

uniformly the convex hull (the denserthe samplethe tighter the fit). We mentionherethat

non-polygonalobjectsarenotaddressedby thetechnique.

As farasthehierarchyis concerned,themethodadoptsatop-down approachthatresultsin

abinarytree.A split of aOBB is donealongthelongestaxisof theboxwith aplaneorthogonal

to it at themeanpoint,partitioningpolygonsaccordingto which sideof theplanetheir center

point lieson.

In orderto determineif anaxisseparates2 polygons(usedin testsfor collisiondetection),a

theoremis introduced.A line t
 is aseparatingaxisof two OBB’s if andonly if theprojections

of the boxes’ axis onto t
 aredisjoint. The theoremalsostatesthat 15 axial projectionsare

enoughto determineif two OBB’s collide.

The above approach,althoughintroducedfor collision detection,canbe extendedto ray

tracingby viewing arayasanOBB of infinite lengthandzerowidth andheight.Theseparating

axestheoremcanthenbeappliedby calculatingonly 3 of the15 axes.This method,although

it greatly reduces5>P , still introducesa big overheadinto the computationof OBB’s andthe

intersectiontest. Nevertheless,the fact thatall polygonsaretriangulatedmakestheapproach

quiteunsuitablefor raytracing,sincethecreationof thehierarchycanjustaseasilybereplaced

by renderingpolygonsusinghardware.

2.2.2.3 Boxtrees

Anotherapproachis theBoxtree[BCGu 96], a bottomup extensionof theR-Tree’s structures

for nonaxisalignedboundingboxes.Thetechniqueusedin Boxtreefor creatingthenew father

boundingboxis quitesimilar to thatof OBB-Tree,but theresultingboundingboxesarealigned
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only to onevector(correspondingto thelargestor smallesteigenvalueof thecovariancematrix

of the point coordinates).The other two directionsare determinedby computingthe exact

minimum areaboundingrectangleof the projectionof the points coordinatesonto a plane

orthogonalto the original direction. Apart from boundingvolumesboxes(axis alignedand

orientedones)this methodologyis alsousedby theauthorsfor triangularpyramids.

2.2.2.4 k-DOPs(DiscreteOrientation Polytopes)

In orderto gainthemostof fixedorientationboundingboxesaswell asOBB, in [KHM u 98],

a hierarchyis introducedusinga k-DOP boundingvolume[KK86]. This type of bounding

volumeis a convex polytopewith facesdefinedby half-spacesthatcomefrom a fixednumberv
of orientations. For instanceAABB are 6-dopswith orientationvectorsdictatedby the

coordinateaxes. k-DOPsarecloserto the senseof convex hulls andOBBS,but at the same

time the intersectiontestsareboundby the number
v

andaretestsagainst
v

fixeddirections

(Figure2.125).

Figure2.12: (a) axisalignedboundingbox; (b) orientedboundingbox; (c) k-dop(k=8)

Theauthorsproposefor the
v

normalvectorsasetwheretheX,Y,Z coefficientstakeonthe

valuesw 	rx ��y0� xfz , sothatno multiplicationsareneeded.

The tree constructionis a top-down approachand a numberof techniquesfor splitting

arementioned(minimumsumof thevolumesfor resultingchildren,minimumlargervolume

of resultingchildren,axis of larger variance,axis with biggerk-DOP). The focus is mainly

driventowardthevolumeof thechildren(sinceit is importantfor collision detection).As it is

5imagefrom [KHM { 98]
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mentionedin [KHM u 98] in orderto adaptit to ray tracing,surfaceandnot volumeshouldbe

themainconsideration.

2.2.2.5 Others

Finally, thereareseveralpreprocessingmethodsthataimat “directing” thecreationof thehier-

archy. Onesuchframework is describedin [TCL99]. Accordingto this guide,a preprocessing

stepis usedin order to partition the sceneinto disjoint componentsthat area tighter fit for

theprimitives. Thesecomponentswill form thetop levelsof theboundingvolumehierarchy.

Then,nearbynodesarepaired,in a bottom-uppass,to build a binary tree. The partitioning

stepof theoriginal scene(assumedto becomposedof triangles)groupstogethertrianglesthat

sharesides,edgesof thesetrianglesthatonly belongto onetriangleor that touchtrianglesof

the group,aswell aspointsthat areonly incident to a trianglein the group. After that, any

techniquecanbeusedfor therestof theboundingvolumehierarchy.

2.3 Summary

In this chapterwementionedthemostcommontechniquesfor reducingboththecostof inter-

sectingraysandthenumberof raysreachinganobject.SinceBoundingVolumeshaveproven

to accelerateconsiderablytheintersectioncalculations,wewill definitelymakeuseof themin

thework to follow.

After having reviewedSpaceSubdivisiontechniqueswehaveconcludedthatasapproaches

they have high storagerequirementsandthat the resultingstructuresarenot easily reusable

whentheoriginal sceneis slightly altered.

BoundingVolumeHierarchiesarelessspacedemandingandpresentan averagecreation

time closeto that of SpaceSubdivision techniques.Several typesof suchhierarchiesexist,

distinguishedby thecriteria for splitting (or joining) boundingvolumesandby thebounding

volumesthey use. Fromtheexaminationof representativesof thesetechniquesit is apparent
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thathierarchiesusingAxis AlignedBoundingVolumesareeasierandcheaperto compute,but

arelesstight in representingthescenethanOrientedBoundingBoxesor OrientationPolytopes.



Chapter 3

Overview of Our Approach

3.1 Idea Behind Our Approach

In orderto helpspeedupraytracing,all theapproachesmentionedsofaraimeitheratreducing

the numberof raystestedagainstobjectsby usingobjecthierarchies,or at reducingthe ray

intersectioncostusingboundingvolumes. Nevertheless,an intersectiontest,even againsta

boundingvolume,takesup timeandcomputationaleffort.

We will examineanentirelynew approachin orderto eliminatemostof thecostof inter-

sectinga ray with a boundingvolume in objecthierarchies,addinga small overheadin the

preprocessingsteps.Themainideasin this approachareasfollows:

① Beforerenderingthe scene,all objectboundingvolumesare projectedon the viewing

plane. Thus insteadof testingfor 3D intersectionsbetweenany ray and a bounding

volume,a testof whetherthe ray origin is insidethe boundingvolumeprojectedarea

suffices.In otherwordsweprojectthesceneinto its 2Dequivalentontotheviewingplane

to eliminate3D calculationson theboundingvolumes.We hopethat the2D bounding

box, derivedfrom the3D one,is fasterin intersecting,evenif it keepslessinformation

abouttheactualobject.

29
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Figure3.1: A 3D scene

Figure 3.2: Ray cast into the scene(3D ap-

proach),for scenein Figure3.1

Figure3.3: Point in 2D box check,our 2D

approach,for scenein Figure3.1

② Furthermore,wecreatea 2D basedhierarchy, usingtheprojectionsdiscussedabove, so

asto furtheracceleratetheapproach. Thusobjectsaregroupedaccordingto thedensity

of thescene,asperceivedfrom theviewing plane.Again,sincethe2D boxesarenot as

tight asthe3D ones(weusetheword“tight” to indicatethatthey modeltheobjectmore

closely),we want to seeif thegainsof 2D intersectionson traversingthehierarchycan

compensatefor the“loose” fit.

③ We alsocreateview independenthierarchies,which weprojecton theviewing plane. In

otherwordswekeepthestructureof theview independenthierarchyto form aprojected

one,whereall internalnodesaretheprojectedequivalentsof theview independentone.
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Figure3.4: A simplescenewith 3 objectsand

it’ sviewing plane.

Figure3.5: A 3D hierarchyfor the scenein

Figure3.4.

Figure3.6: A 2D hierarchybasedon 2D cri-

teria.

Figure3.7: A 2D hierarchyderivedfrom the

3D hierachyof Figure3.5.

Thuswe gettheinformationof the � 	B| �(} T (third dimension)aswell asthebenefitsof

the2D hierarchyintersectionandtraversal.

④ In orderto acquireadetailedpictureof theperformanceof theabovehierarchies,wewill

try differentintersectionschemeswhentraversingthe2D projectionhierarchies.Wewill

use2D intersectionson theboundingboxes,3D, aswell ascombinationof theabove.

⑤ Finally, wewill test2D and3D hierarchieswith severalhierarchybuilding algorithms.

We expectthatthe2D hierarchyintersectionapproachreducestheweightof raycastingin

thefirst level rays(visibility rays),which in somescenestendto be thevastmajority of rays

shot.Furthermore,we wantto verify if thecostof theprojectingboundingvolumes,building

the2D hierarchy, andtestingif rayoriginsareinsidetheprojectedareas,is trivial comparedto

thatof raycastinginto a 3D scene.
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We believe that themaingainof having a 2D hierarchycomesfrom usinga simplepoint-

in-rectanglecontainmenttestson the boundingboxes of the hierarchy, ratherthan ray-box

intersectiontests. So it remainsto seeif the gainsof a 2D teston a 2D boundingbox can

compensatefor thefactthatthe2D boundingboxcontainslessinformationaboutthe3D object

thana 3D boundingbox.

3.2 Implementation Issuesand Decisions

We will now explore somedetailsconcerningthe architectureof the approach.As we men-

tioned,basedontheprojectionof theboundingvolumesahierarchyis built (thecaseof the2D

hierarchy).Although thecriteria for building this hierarchyareall calculatedin 2D, we keep

theoriginal3D boundingvolumes.Soif wewantto animatetheviewing cameraandthescene

remainsstatic,for small angles,thehierarchydoesnot needto change,only thecomponents

shouldbere-projected.

For the3D hierarchythatuses2D traversalmethods,wefirst build aview independenthier-

archyandweprojectevery level of thehierarchyto theviewing plane.To bemoreprecise,the

original structureof theview independenthierarchiesis preserved(ie if two objectsarejoined

in the view independenthierarchythey arealsojoined in the projectedones). Nevertheless,

theintermediatelevelsof thehierarchy, althoughfollowing thestructureof theview indepen-

denthierarchies,areconstructedbasedon the2D boundingvolumesof their children,not on

projectingtheir view independentcounterpart(Figure3.8).

The 3D view independenthierarchiestestedfollow the conventionalmethodandareim-

plementedin orderto comparetheir performancewith thatof the2 above formsof projected

hierarchies.
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Figure3.8: Theinner2D rectanglerepresentsthejoining of the2D boundingboxes,following

the3D joining structure.Theouterrectangleis what the projectionof the intermediatelevel

of thehierarchywouldbelike. Our3D hierarchiesusing2D intersectionsusetheintermediate

nodesbasedon joining the2D boxes(innerrectangle).

3.2.1 Lights and Shadow rays

The projectiononto the viewing planeaimsat acceleratingfirst level rays, that is visibility

rays. In a similar way we dealwith shadow rays. We view lights ascamerasanddecideon

planessurroundingthe light for creatinghierarchies.Raysoriginatingfrom lights areviewed

in thesamewayasvisibility rays,in orderto maintainauniformapproachfor all rays.Shadow

raystoo mustbe testedto identify theappropriatehierarchy. In otherwords,a shadow ray is

first createdfrom a specificlight andthentestedagainstall lights in orderto find thecorrect

hierarchyto use. This approachcosts ����adc4ei~�� to choosethe correctlight from which to get

a hierarchy, where ~ the numberof lights, whereasif the shadow ray wasonly considering

the light hierarchiesof the light it originatedfrom it would costa constanttime. The loga-

rithmic factorabove comesfrom thestructurethat the lights arestoredin. Althoughthis way
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of treatingshadow hierarchiesis redundant,it providesuswith a uniform methodof treating

rays, irrespective of their origin. As it turnsout (Section6.3), this redundantprocedureac-

tually degradesthe performanceof our approach.Thusapartfrom the dataconcerningthe

uniform approachwe alsopresentsomefrom caseswhereshadow raysareconsideredto have

“knowledge”of their light origin.

If we aredealingwith point lights insidethescene,thenwe applya light cube,that is we

define6 planescompletelysurroundingthelight. Ontothemweprojectandcreate6 projection

hierarchies.Whentheactualray tracingis donethehierarchythatis closerto theobjecttested

is chosen.

If thelight is adirectionallight, or a light outsidethescenevolumeandfaraway, oneplane

is enoughfor creatinga 2D hierarchyfor the ray tracingprocedure.The costof building a

hierarchy, aswe will demonstratein our experiments,is extremelycheapcomparedto theray

castingprocedurein small scenes.So the overheadof building hierarchiesfor eachlight is

small,but it becomesnoticeablylargeasthenumberof lightsandobjectsin thesceneincrease.

Even small arealights canbe accommodatedby a single2D hierarchy(it’ s like moving the

cameraa little bit) andreprojectionof theboundingvolumes.Nevertheless,if theareaof the

light becomesrelatively big, thenasinglehierarchywill probablynotbeasefficientasseveral

morespecificones.

Soshadow raysalsoprofit from usingpoint-in-rectanglecontainmenttestsandhierarchies

createdspecificallyfor thecastinglight, asfar astraversalandintersectionon boundingboxes

is concerned.Of course,raysmustfirst betranslated(projected)to thelight plane(anoperation

thatcostsup to 21 FLOPS,aswewill seein Chapter5).

Giventhatlightsareusuallystaticin ascene,thispreprocessingcostfor thelight hierarchies

canbecomeinsignificantwhena sceneis renderedfor ananimation.On theonehand,if the

camerachangespositionin thescenethelight hierarchiesremainunaffected;ontheotherhand,

if a few objectschangeposition,thenan adaptive light hierarchy(suchasonebuilt usingan

R-treevariant)only needsasmallupdate.
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3.2.2 Other rays

Of coursethe projectionhierarchiesdo not speed-upsecondaryrays, that is reflectionand

refractionrays.In orderto dealwith themin the2D hierarchyapproachweproposeto alsobuilt

aglobal,view independent3D hierarchy. Thishierarchyneedsonly to bebuilt onceandworks

asall otherview independenthierarchies:it aimsatreducingthenumberof objectsasecondary

ray testsfor intersection. So we also get an accelerationbenefitfor the secondaryraysby

addinga preprocessingcost.This oncebuilt hierarchyis a standardaccelerationtechniquefor

animations.As for the3D hierarchiesthatarelaterprojectedon theviewing planeandlights,

the3D elementis theoneusedfor secondaryrays.

In ananimation,theview independenthierarchy, just like thelight hierarchies,needsto be

updatedonly whenanobjectmovesthroughthescene.This 3D hierarchyis usedonly when

objectsin thescenehave specularsurfaces,andasthenumberof specularsurfacesincreases

in a scene,andwith themthenumberof secondaryrays,theaccelerationprovidedby the2D

intersectionmethodologytendsto degrade(althoughprimaryrayswill alwaysbecastfaster).

3.3 Choiceof Bounding Volumesand Hierar chies

We will explain hereour choicesof boundingvolumehierarchies(projectionandglobal), as

well asboundingboxesandtheprojectionshapesweused.Althoughour ideais quitegeneral,

wehaveimplementedit usingapproachesthatwebelievearequiterepresentativeandefficient.

3.3.1 Bounding Volumesand ProjectedShapes

In our choiceof boundingvolumesfor our primitives,we have cometo the conclusionthat

Axis Aligned BoundingBoxes (AABB) bestserve our purposes,becauseof the following

properties:

� AABB arefasterandsimplerto intersectwith raysthanOrientedBoundingBoxes(for
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all comparisonsseeChapter4).

� Althoughthey aremoreexpensiveto intersectthanspheresthey areeasierto join or split.

Assumetwo spheres,onewith center�_��s andradius�K��s andtheotherwith center�_� ^ and

radius �K� ^ . In orderto join theminto oneboundingspherewe have to first calculatethe

distancebetweentheir centers(anoperationrequiringa squareroot evaluation,which is

costly)in orderto calculatethediameterof thenew sphere( � } TNU ���_�8sI@��_� ^ �G@<�K�,s0@<�K� ^ )
andthecenterof thenew sphere.

On the otherhand,the surroundingbox of two AABB’ s is determinedby the extreme

valuesof thetwo boxes’vertices.

Given the fact that we will not be performingthe ray-boundingvolume testsin our 2D

hierarchy, we do not seekboundingvolumeswith cheapray-BV tests(suchasspheres)but

ratherboundingvolumesthatmaybemergedcheaply(thusacceleratingthegenerationof the

3D hierarchybasedon the2D joining).

As we will seein Chapter4 spheresproject to circlesandboundingboxes to hexagons

(in thegeneralcase).For both these2D shapesthecostof testingif a point is inside(theray

origin) is somewhathigh (therearesquareroot usedfor thetestson thecircle andin-polygon

testsfor thehexagon). This is why we proposetheuseof a 2D box enclosingtheprojection

of a boundingvolume. This box is alignedto the viewing plane,thusthe insidecalculation

is simply a matterof comparing2D coordinates.Nevertheless,this 2D box is lessaccurate

thanthe actualprojection,but given the fact that the testingis so cheap,we will heretry to

determineif it is affordable.Besides,someof thehierarchiesbasedon the2D projectionthat

wewill betesting,requireaxisaligned(in 2D) boundingboxes.

3.3.2 Intersection Schemes

As we mentionedwhenbriefly describingour work, we will useseveral intersectionschemes

for traversalin our 2D hierarchies:
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2D intersection traversal: A simplepointcontainmentin polygontest.Everyrayis projected

on the planeof interest(unlessit is a visibility ray, so the startingpoint of the ray is

sufficient) andthantestedagainstthe 2D boundingbox at the root of the hierarchy(a

simplein-polygontest).If thetestis true,thentheray is testedagainstthe2D bounding

boxesof thechildren.

3D intersection traversal: The normal3D intersectionagainsta 3D boundingbox. For the

2D hierarchiesit shouldbenotedthatalthoughthehierarchiesarebuilt using2D (pro-

jection)criteria,thetestof theraysis doneonthe3D boundingboxesin thelevelsof the

hierarchy, thustakingadvantageof thetighter3D boxes.

Combination intersection traversal: A first fasttestis performedonthe2D boundingboxin

thehierarchy. If thetestis true,a testis alsoperformedon thetighter3D boundingbox,

to eliminateraysthatweresuccessfulon theloose2D boundingbox.

All theabove testshave meaningin the2D hierarchiesbuilt using2D criteria. Neverthe-

less,only the3D intersectionandtraversalcanbeperformedin thecaseof the3D independent

hierarchies(sinceno projectioninformationis kept).Finally, in thecaseof the2D hierarchies

thatcomeasa direct translationandprojectionof an independent3D hierarchy, the3D inter-

sectiontestmakesthemdegenerateto the independent3D hierarchies.So only the 2D and

combinationintersectiontraversalareof interest.

3.3.3 Hierar chies

For our testing purposeswe have implementedand tested both view independentand

projection-basedapproachesfor comparison.Theprojectedbasedhierarchiesareaswe men-

tionedof two forms,which basicallyhave to do with thecriteriausedto build the2D hierar-

chies.Theoneform usesthe2D informationof theactualobjectsof thescene.Theothertakes

anexisting view dependenthierarchyandtranslatesit into a 2D plane(viewing planeor plane

of a light cube).
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In orderto bestreview theresultsof the2D intersectionapproachwechosesomerepresen-

tativehierarchybuilding approaches:top-down, bottom-upandadaptive.

R-tr ee: TheR-treeis a classicaltop-down adaptive method.It dividesobjectsusingan axis

alignedpartitionandminimizesthesurfaceareaof thejoint boundingvolumes.

R*-tr ee: TheR*-treeis alsoanadaptive top-down hierarchicalapproach.It is differentto the

R-treein that it canjoin boundingvolumessoasto minimize overlap,somethingvery

usefulin ray tracing(lesssubtreestraversedin thehierarchy).

Top-Down Binary Axis Partitioning: This is a statictop-down approach(alsoreferredto as

Top-Down Binary Splitting TDBS). The treeis binary andeachtime the nodeis split

on oneof the3 axes,soasto derive thebestlinearpartitioningin termsof surfacearea

(childrenwith approximatelythesamesurfaceareafor theboundingvolume).It is linear

in thesensethatnot all combinationsof objectsaretried at eachaxiswhich would cost

���pn;�4� time. Instead,the boundingvolumesaresortedaccordingto their centeron the

givenaxisandlinearcombinationsaretested(thefirst boundingvolumeandtherest,the

first two andtherest,etc),which is a �����W� operation.

Bottom-Up Binary Matching: We introducethis approachin order to cover an optimal bi-

narymatchingamongtheobjectsin thescene.It is astaticbottom-upapproach.At each

steptwo boundingvolumesarejoined,thosewith thesmallestsurfacearea.This resem-

blesaNearestNeighborsearch,but wedefinethedistancemetricasthecombinedsurface

area.Thegeneratedtreeis abinarytree.As wedesignedandimplementedthisapproach,

it takes �����_^�� time. We first sort all boundingvolumes,accordingto the shortestdis-

tancewith their closestneighbor. Thefirst passfor theclosestpair matchingis theone

that takesup �����K^�� time, but theactualcostis very small,sincethepairingis basedon

a few coordinatecomparisons.Thesortingis a �����bahc4eg�-� calculation.At eachstepthe

two objectsthatareclosestarejoinedandtheirboundingboxreplacesthemin thesorted

structure(afterhaving foundits nearestobjectin ����ahc4ei�-� time,or �����bahc4eg�-� for all the
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mergingoperations).Themostcostlyoperation(determiningoriginally theclosestobject

to everyotherobject),canbereducedin complexity if weuseaslightly modifiedapprox-

imationalgorithmfor NearestNeighborfinding ( �����badc4ei�-� [KOR98,IM98, Tsa99]).

Theabove hierarchiesareimplementedboth in a view independentmatter(asseenin the

bibliographysofar), aswell asprojectionhierarchiesbasedon the3D hierarchiesandon 2D

criteria. The fact that we useAABB allows the implementationof the R-treevariantsin the

view independenthierarchies(wherethe splitting and joining criteria requireAABB), but it

alsofacilitatestheprojectionhierarchies,becausethe joining of axisalignedboundingboxes

(in 3D) is muchfasterthanthejoining of spheresor orientedboxes.

3.4 Algorithm

A descriptionof the ray tracing algorithm can be seenin Figure 3.9), with the preprocess-

ing stepswe propose(Figure3.10), including secondaryandshadow ray testing. Note that

theFind_Project_Intersection teston a projectionof a boundingvolumeis much

cheaperthantheactualintersectiontestonaboundingvolume,aswewill demonstrate.

TheBuild_Project_Hierarchy functiondescribedin Figure3.9is theonefor creat-

ing the2D projectedhierarchy. Whenweusea3D hierarchythatwe laterproject,thefunction

is thatpresentedin Figure3.11.

Also, in this descriptionof ray tracing(Figure3.10)we expressIntersect_Object

asa 2D operation,that is a ray is testedon the 2D projectedbox of the derived 2D hierar-

chy. Nevertheless,aswe have mentioned,in orderto betterunderstandtheperformanceof all

hierarchiesinvolvedandto enhancetheir performance,we useotherintersectionschemeson

theprojectedhierarchiesaswell. Sofor theprojectedhierarchieswhich have beencreatedon

2D criteria we alsotry intersectionson the 3D boundingboxesof the objects,aswell ason

a combinationof 2D and3D boundingboxes;whereasfor the projectionhierarchiesderived

from view independentonesweuse2D andcombinationintersectionschemes.
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Initialization:

Build_Global_Hierarchy �b�
forall lights l

Build_Light_Hierarchies ��� for l

Build_Project_Hierarchy �b� for camera C

Build_Light_Hierarchies � � for light l

if l inside scene

for the 6 directions d of the cube around l

forall objects n Project on d

Build_Project_Hierarchy � ��������� for d

else

forall objects n Project on d closest to scene

Build_Project_Hierarchy � ��� for d

Build_Project_Hierarchy H for C

forall objects n in scene

Project n on C

Add n to H for C

Figure3.9: InitializationProcedure
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Ray_Tracing:

forall pixels of viewing screen

shoot ray and Find_Project_Intersection using H for C

Find_Project_Intersection using Project Hierarchy H for C

if node is a leaf in H

Intersect_Object n

else

if ray origin in projection of bounding volume

for each child of node in H

Find_Project_Intersection of child using H for C

Find_Intersection using Global Hierarchy � �
if node is a leaf in �b�

Intersect_Object n

else

if ray intersects bounding volume

for each child of node in � �
Find_Intersection of child using �b�

Intersect_Object n

if intersection

forall lights l

shoot ray from light l to intersection on n

using Find_Project_Intersection using Project Hierar-

chy � � ) closer to scene

if reflection or refraction ray

Find_Intersection using Global Hierarchy �b�
calculate color

Figure3.10:RayTracing
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Build_Project_Hierarchy H for C

Get Global hierarchy � � of scene

forall objects and levels of �b�
Project object bounding boxes of on C

Add projected box at the same level as the �b� in H

Figure3.11:Building a2D hierarchyusinga3D view independentone



Chapter 4

Intersection CostAnalysis

Thebasiccostfor ray tracingcomes,aswe have alreadymentioned,from thenumberof ray-

objectintersectionsneededin ascene,aswell astheactualcostof theseintersections.In order

to determinein what waysour techniquewill affect the ray tracingrenderingtime, we will

first try to give anapproximatecostfor the ray tracingtechniquescommonlyused.We must

mentionherethat boundingvolumehierarchiesarenot useful in all scenes.They definitely

improve ray tracingefficiency whentheobjectsof thescenearequitesimpleto intersect(low

cost)andthenumberof objectsis relativelybig. But thisis notthecasefor simplescenes(small

numberof objects)with expensiveprimitives(complicatedshapes).In thesecases(for example

a scenewith a very complicatedobject that coversthe entirescene)hierarchytraversalsand

evenboundingvolumeswill notaffect theoverallperformance.

4.1 Bounding VolumesIntersection Cost

As we have alreadypointedout, themain factorthataffectsray tracingefficiency is the ray-

environmentintersectioncalculations.In orderto demonstratethis high costwe will review

theintersectioncalculationson boundingvolumes,which arealwaysascheapor cheaperthan

thoseon theactualobjects.

In orderto give a costof the intersectioncalculationswe will useasa basicunit the time

43
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takenby thedifferentfloatingpointoperations.Thuswewill roughlycomputethetimeneeded

to intersectaboundingvolume.

Wewill assumethatafloatingpointadditionandmultiplicationtakeafixedamountof time

(which we will useasour basemeter)anda division approximately5 timesasanaddition.A

comparisonoperationis assumedto take asmuchtime asanaddition,sincetypically floating

point comparisonsareimplementedwith subtractions.

A ray is definedas:� Pp�8���2� � � ��� � ��� �g�(�i�g�� 
��¡ ����¢£��¤¥��P � � ��¡ � � � ¡¦�(¡¦�i¡�  where� ^¡ @ � ^¡ @ � ^¡ ! x (normalized).

Thisdefinesa rayasasetof pointson line

� � U � ! ��� @ ��¡ V U �Y§�¨(©>5A© U%ª y0« (4.1)

4.1.1 Ray-Sphere Intersection

The simplestboundingvolumeto intersectwith in a 3D environmentis a sphere,aswe will

seeby thecalculationsneeded.

Theequationrepresentingasphereis givenby avector �_� denotingthecenterof thesphere

andanumber�K� denotingtheradius.

We will describethe geometricsolution,asmentionedin [Hai89], which is significantly

fasterthanthe typical algebraicsolution. We notethatwe have a slightly differentcostasso-

ciatedwith the algorithm,sincewe countcomparisonsandwe assumethat thesquareof the

radiusis aprecomputedfactorfor all sphereboundingvolumes.

1. Ray Origin Inside or Outsideof Sphere Find the squareof the distance
gP8� between�¬�
andcenter �W� andcomparewith squareof radiuslength �K� (avoid calculating

squareroots)(Fig 4.1).

We have3 subtractionsfrom calculatingthevector ­¬® ! 	°¯��� �_� , 3 multiplications

and2 additionsfor thesquarelengthof ­¬® anda subtractionfor thecomparison
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(we assumethat thesquareof thesphereradiusis precomputed).Thetotal costis± @ ± @²n³@ x !µ´
.

2. Ray Dir ection with respectto Sphere Calculateray distanceclosestto center
U ��¶ and

seeif it is greaterthan0. If
U ��¶ ª y thentheraypointstowardthesphere,otherwise

away from it (Figure4.2).

Essentiallythecalculationof thedistance
U ��¶ is equivalentto findingtheintersection

of the ray with a planeperpendicularto it, which passesthroughthe center �_� of

the sphere.This stepof the algorithmwill take 3 multiplicationsand2 additions

for theray-planeintersection( ­¬®¸· ��¡
) andthecomparisonheredoesnot needa

subtraction.Sothecostis n�@ ± !?¹
.

3. Doesray missthe sphere? If ray origin is outsidethesphereandpointsaway thenthe

raydoesnot intersectthesphereandthetotalcostis
´ @ ¹b! x>º . Elsethealgorithm

continues.This stephasno computationcostsinceall comparisonshave already

beenmade.

4. Doesray hit the sphere? Find the squareof the distancëG^» � betweenthe closestdis-

tanceof ray to centerand the center. If this distanceis lessthan0 then the ray

missesthesphere(Figure4.3).

This steptakesup 1 addition,1 subtractionand1 multiplication(for
U ^��¶ ), ascom-

putedin Figure4.3usingthePythagoreantheorem(wehavealreadycomputed
 ^P8�
andwe know � ^� ). Thecomparisonsagaintake no time. Thecostis then3. Sothe

total costcanbe x>º @ ± ! x7¼ or thealgorithmcontinues.Thischeckfor ¨ ^» � makes

senseonly if theorigin is outsidethesphere.

5. Intersection Point We have determinedif a ray hits anobjectandwe needto calculate

the intersectionpoint.
U

from Equation4.1 is
U½!¾U ��¶ 	µ¿ ¨ ^» � if the ray originates

outsideand
U¬!ÀU ��¶Á@ ¿ ¨ ^» � if it originatesinside. Note that we only know the
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squareof ¨ ^» � , so we needto calculatethe squareroot. This calculationtakesas

muchas15-30timesasamultiplication(wewill assume15).

The actualpoint canbe foundby Equation4.1 with 3 additionsand3 multiplica-

tionsfor the3 dimensions.Finally thenormalon theintersectionpoint normalized

takes3 subtractions( Â 	 �_� ) and3 multiplication(assuming s:ÄÃ is precomputed).

Theentirestepcostsx @ x ¹ @ ± @ ± ! n4n .
Sothetotal costfor intersectingaspherecanbeeither14,17or 22.

Figure 4.1: Ray origin inside or outside

sphere([Hai89])

Figure 4.2: Ray direction with respectto

sphere([Hai89])

Figure4.3: Sphereintersection([Hai89])
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4.1.2 Ray-Box Intersection

In [KK86] theray-boxcalculationis determinedusingslabs.A slabis thespacebetweentwo

parallelplanes.Sotheintersectionof a setof slabsdefinesaboundingvolume.

An orthogonalbox canbedefinedby 2 coordinates,onedescribingthemaximum Å » and

theothertheminimum ÅÇÆ extendof thebox.

ÅÇÆ ! ��� Æ � Æ � Æ  
Å » ! ��� » � » � »  

anda ray is, aswementioned,givenby Equation4.1.

4.1.2.1 Axis Aligned Box

Wewill describethealgorithmfor anaxisalignedbox.

1. Wefirst set
U � ¢£¶.� ! 	�È and

U.É ¶2� ! È .

2. For eachof the3 planedirections(wewill describetheX parallelplanes),thefollowing

takeplace.

(a) If � ¡ ! y thentherayis parallelto thebox. If � �
isnotbetweentheslabs( � �ÁÊ � Æ

or � � ª � » ), thentheraydoesnothit.

This steptakesup onecomparisonwith 0 thatdoesnot affect thetime of thealgo-

rithm and2 comparisonsof realnumbers.Sothecostis 2.

(b) If raynotparallelto theplane

i. Intersectiondistancesof planesarecalculated:U s ! � � Æ 	 � � �ËV sÌ_ÍU ^ ! � � » 	 � � �ËV sÌ_Í
This steptakesup to 2 subtractions,2 multiplicationsandonedivision (we

store sÌKÍ ). Soin total nÎ@²n³@ ¹Ï!?´
.
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ii. If
U s ªÐU ^ swapthem(cost1)

If
U s ªÐU � ¢p¶2� set

U s !XU � ¢£¶.� (cost1)

If
U ^ Ê U.É ¶2� set

U ^ !ÑU.É ¶.� (cost1)

iii. If
U � ¢£¶.� ªÒU.É ¶.� box is missed(this stephascost1 andif the algorithmstops

herethetotal costis 2+9+1+1+1+1=15).

iv. If
U.É ¶2� Ê y thebox is behindtheray soit is missed.Thiscomparisontakesno

time,soif thealgorithmendsherethecostis 15 (Figure4.4).

v. Elsecontinuewith next axis.

End for

3. If all theplanesarecheckedandnobreakin thealgorithmis found,wehavegonethrough± V x ¹Ï! º ¹ stepsof cost1.

4. We still needto determinethe intersection. The intersectiondistanceis
U � ¢p¶2� and the

ray’s exit point is
U.É ¶.� . Theactualintersectionpoint canbecalculatedby Equation4.1,

costinganextra3 additionsand3 multiplications.

Figure4.4: Sphereintersection([Hai89]).
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Sofor anaxisalignedbox thecostof intersectingcanbe2 or 15 (if weexit on first plane),

15+2=17or 15+15=30(if weexit onsecondplane),30+2=32or 30+15=45(if weexit on third

plane),or 45+6=51(if thereis anintersection).

4.2 Projection and Comparisons

The simplestof the boundingboxeshave coststhat rangefrom 14-22or 2-51. We will now

presentthe costof ray intersectionwith the projectionof a boundingvolume. We notehere

that this calculationtakesplacewhentraversingthehierarchy. Whenwe determinetheactual

objecthit at thebottomof thetree,wewill performall thecalculations.

4.2.1 Cir cle

Theprojectionof a sphereis alwaysa circle of center
� � andradius

� � . Both
� � and

� � are

precomputedandare the projectionof the center �_� of the sphereandthe projectionof the

radiusvectorparallelto theimageplane �K� respectively (Figure4.5).

In order to test if thereis an intersectionof a ray asdescribedby Equation4.1 with the

sphere,we only needto testif theorigin Ó � of theray lies insidethecircle. This is performed

by checkingif � � � 	 � � �.^I@B� � � 	 �(� �2^ ªÑ� ^� . If thelengthof the2D distancebetweenÓ � and� � is biggerthantheradiusthantheray doesnot hit thesphere(sincethesphereis translated

on theviewing planein apositionthattheray is not comingfrom).

This testhasaconstantfactorof 1 addition,2 subtractionsand2 multiplications(thesquare

of theprojectedray radiusis precomputed).Sothecostis 5.

4.2.2 ProjectedAxis Aligned Bounding Box

An axis alignedboundingbox will have 8 projectedvertices(Figure4.6) that have a convex

hull of at most6 vertices(4 canoccurin thecaseof aviewing planeparallelto oneof theaxis

of thebox). Using theGrahamalgorithmwe canfind theconvex hull in �����badc4ei�W� time. In
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Figure4.5: Sphereprojectionon viewing plane.

orderto checkif a ray hits the3D box we have to checkif the origin of the ray is insidethe

convex hull, usingfor instancetheJordancurve theorem.

Becausewearedealingwith axisaligned3Dboundingboxes,thecostof findingthe6edges

that form the convex hull of the projectednodescanbe improvedandcomputedin constant

time (not �����bahc4eg�-� usingtheGrahamalgorithm). In orderto do sowe mustpick an octant

for theray directionanddeterminethuswhich 3D box edgeswill projectto 2D box edges,as

shown in Figure4.7.
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Figure4.6: 3D Box projectionon viewing plane.

Figure4.7: Assumethat the ray directiondefinesthe positive axes �����K��� of the octant. In

our examplethe edges2,4,5,6,12,7boundthe 2D hexagon. Or if we look at the 	 �����K� 	 �
directionstheBV edges1,3,7,10,11,5boundthe2D hexagon.

4.2.3 2D axisalignedbox

Every projectedboundingvolumecanbeenclosedin a 2D box, alignedto theviewing plane.

Thisbox canactasa fastintersectiontest,sincecheckingif a rayoriginatesfrom within takes

only 4 comparisons.

Essentiallyby projectingtheboundingvolumesin thescenewe reversetheprocessof ray

shooting.Insteadof castingraysfrom theviewing planeto thescene,we transformthescene
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ontotheviewing planeandcheckif raysoriginatein placeswhereobjectprojectionslie.

4.3 Intersection CostSummary

In thisChapterwehavediscussedseveralboundingvolumeintersectioncost,morespecifically

thoseconsideredto bethecheapest.We alsodiscussedsomeprojectedbounding“areas”(not

volumes).Theaverageintersectioncostsfor all theabovearesummarizedin Figure4.8.

BoundingVolume Avg IntersectionCostperray

Sphere 17.6

3D BoundingBox 27.4

Circle 5.0

2D BoundingBox 4.0

Figure4.8: Thecostof intersectingaraywith theBoundingVolumesexaminedin thischapter.

It is thusapparentthatthe2D box,althoughlooserthanthe3D boundingboxes,is cheaper

to intersect.Circles,althougheasyto intersect,areharderto form hierarchicalstructureswith

anddo not adaptat all to accommodatetheobject’s shape.Instead,they areusuallyusedin a

similar way to spacesubdivision techniques[Hub95].

We mustnoteherethat the proposed2D boundingvolumescarry with theman inherent

shortcoming. The fact that we discardthe � 	 dimensionleadsus to keepless information

abouttheactualsimpleobjectweareenclosing.In thecaseof the2D axisalignedboxeseven

biggerlossof informationtakesplace,sinceit is lesstight thanthe2D projectedhexagon.In

otherwordsby using2D boundingvolumeswe affect two partsof ray tracing: we improve

thecostof intersectinga boundingvolumeandworsenthetightnessof theboundingvolumes,

leadingto moreraysatthelowestlevel of theraytracing,theintersectionwith theactualobject

(asseenin Figure2.5).



Chapter 5

PreprocessingCost Analysis

We will roughly review herethepreprocessingcostdescribedin thealgorithmfor building a

hierarchy, asseenin Figure3.9.Wewill alsoattemptto giveanestimateof thecostfor building

andtraversingthehierarchiesweusedin our testing.

5.1 Projection

The equationfor calculatingthe intersectionof a ray castfrom the camerawith parameters

t
 RAÔ | U } R �Y� tÕ¦Ö � tÓ�}�×0¨ U � tØ }p5 providesapoint Ù , asseenin Equation5.1(sameasEquation4.1),

where � } T>U is calculatedaccordingto theobjecthit (asseenin Chapter4).

Â ! ��� @²� } TNU V �¬¡
(5.1)

By essentiallyinvertingtheequationwegettheprojectionof point Ù ontotheimageplane.

Sowe treatprojectionastheinverseof ray casting.Weknow that
��� ! t
 RAÔ | U } R � andwe can

express
��¡

in termsof thecameraandtheviewing plane,asin Equation5.2.

��¡ ! tØ }p5%@B
ÚVÛtÕ¦Ö @B�SV tÓ�}£×0¨ U (5.2)

where ��
������ arethe 2D coordinatesof the ray onto the imageplane. In orderto derive 
����
53
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from thegivencameraparametersandthe3D point Ù , wecombineEquations5.1and5.2.

ThusEquation5.1canbetransformedinto

Â ! t
 R;Ô | U } R �Ü@²� } TNU VÏ� tØ }p5%@B
�V tÕ¦Ö @$�SV tÓ�}£×0¨ U � (5.3)

In Equation5.3, given that we know the point Â we want to project,we have the following

threeunknown factors: � } T>U �Ý� } TNU VY
 and � } TNU VÞ� , where
���� is essentiallytheprojectionof Â
ontotheimageplane.Sincewearedealingwith vectors,Equation5.3canbeexpressedas:

Â�«°� ! t
 R;Ô | U } R �Y«°��@B� } TNU V tØ }p5ß«°�Ú@$
�V tÕCÖ «à��@B�SV tÓ�}£×0¨ U «°�
ÂÜ«à� ! t
 R;Ô | U } R �Y«à�b@B�ß} TNU V tØ }p5E«à�b@B
ÚV tÕ¦Ö «à�b@$�SV tÓ�}£×0¨ U «á�
Â�«á� ! t
 R;Ô | U } R �Y«á�½@B� } TNU V tØ }£5�«á�½@$
ÚV tÕ¦Ö «â�Á@B�ÏV tÓ�}�×0¨ U «á�

from whichwecanderive 
���� .

This projectionoperation,assumingwe have precomputedall parametersrelatedto the

viewing plane,includes6 additions,11 multiplicationsand1 division,soin total hasa costof

21(aswehavedefinedit in Chapter4). Wemustnoteherethatin theactualimplementation,a

smallconstantfactorto theabovecostis addedfor retrieving thecameraparameters.

For ascenewith � objectsthecostof projectionis � timesthecostof projectingabounding

volume. As we have alreadymentioned,the cost of projectinga boundingvolume greatly

dependson the typeof theboundingvolumeused.As seenin Chapter4, projectinga sphere

is equivalentto projectingtwo points,the centerof the sphereanda vectorrepresentingthe

radius.Wemustbecarefulthoughto choosefor theradiusavectorthatis perpendicularto the

cameraplane,soasto getanaccurateprojectionof thesphere.On theotherhand,projectinga

3D box is equivalentto projectingeightpoints,theverticesof thebox.

As we mentionedin Chapter4, intersectingtheprojectionof a 3D boundingbox takesup

aconstanttime factor, which is neverthelessbiggerthanfor instanceintersectingacircle. This
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is why we proposedtheuseof a2D view alignedbox thatenclosestheprojected3D box. The

costof determininga 2D surroundingbox of theprojected3D box is trivial for 3D projected

boxes(aswell asfor circles).For acircle it is basically4 additions/subtractions
� ��«°�Ïã � � and� ��«à��ã � � , where

� ��� � � arethe projectedcenterandradiusrespectively. For a 2D box it is

a 16 comparisoncomputation,donein orderto find theextreme ����� valuesof theprojected8

vertices.

Summarizingwehave:

BoundingVolume ProjectionCost Enclosingin 2D box cost

Sphere 2*21= 41 4

3D BoundingBox 8*21=168 16

It is apparentthatspheresarecheaperto projectandto enclosein a 2D box. Nevertheless,

aswehavementionedbefore,spheresarenot asadaptive to theactualobjectthey encloseand

are thus lesstight than3D boxes. Given the fact that 2D boxesareeven lesstight thanthe

projectionthey enclose,2D boxesenclosingprojectedspheresarecheaperto producebut less

tight thanthosederived from 3D boxes(Figure5.1). Given the fact thatour goal is not only

fasterintersectionsin thehierarchy, but alsofewer raysreachingthelastlevel of thehierarchy,

we will choosefor our testingthe3D axisalignedbox, improving thequality of thehierarchy

by increasingthepreprocessingcost.

Sofor ourchoiceof axisalignedboundingboxesthetotalprojectioncostin thepreprocess-

ing stepis �rVÞäCVYn x andanadditional�rV x7å for determiningthe2D boundingbox. In total the

precomputingcostis �æV x ä º , aconstantcost,whichwill beaddedonthepreprocessingcostto

acceleratetheintersectioncostsof boundingboxesfor all raysin thescene.
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Figure5.1: A 3D man in the middle and left and right its sphereand3D axis alignedbox

boundingvolumesrespectively. Fromthegreensectionthatrepresentsthe2D boxsurrounding

theprojectedversionsof theboundingvolumes,it is apparentthatthe2D boxderivedfrom the

sphereis lesstight thanthatof the3D box.

5.2 Building

Thecostof building a hierarchyalsogreatlydependson thenumberof objectsrepresentedin

the scene,aswell asthe subdivision or joining criteria (if the hierarchyis built top-down or

bottom-up).Referto section3.3.3for adetaileddescriptionof thehierarchiesused.

Whenconsideringa techniqueusingthebestjoin over all objectsthatminimizesa certain

parameter(ex. minimizing volume,or overlapping),every subsetof objectsmustbetestedin

orderto getthebesttree.This, in themostnaive implementation(exhaustive)yieldsexponen-

tial timeover thenumberof objectsin thescene���pn � � .
By sortingbeforeapplyingthedesiredcriteriaandthensplitting or joining andusingthis

specificorder(first andlastsortedobjectarealwaysin differentgroups),wegetan �����badc4ei�W�
timeoperation.This is dueto thefactthatthesortingtakesup �����bahc4eg�-� timeandthesplitting

tests�����W� time. This is essentiallytheapproachfollowedby theTop-Down Binary Partition-

ing.

Keepingall instances(objectsor joinedobjects)sortedby thecriterionof splitting,wecan
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approximatetheresultsof theexponentialclassin quadratictime ( ����� ^ � ), asit is thecasein

NN basedBottom-UpBinaryMatching.

In incrementalalgorithmssuchastheR-treeandtheR*-tree thataim to approximatethe

resultsof the mentionedexhaustive algorithms,the constructioncost is closeto �����badc4ei�W�
time ([dBvKOS98],[Gut84]).

The behavior describedabove can be easily seenfrom the resultsof our testing,more

specificallyin the graphsof the preprocessingtime. Therewe can seethe quadraticfactor

affectingtheNN basedBottom-UpBinaryMatchingandthelowercomplexity of all theother

approaches.In thesegraphswe alsoseethe effect that building all the projectedhierarchies

hason theoverallpreprocessingtime (Figure5.2).

Building time for 1 hierarchy Building time for All hierarchies

SF= 6 SF= 9 SF= 11 SF= 6 SF= 9 SF= 11

T-D Bin Partitioning 0.01 0.19 1.11 0.01 0.19 1.11

TDBP translated3D 0.001 0.09 0.33 0.071 0.65 3.16

R-tree 0.01 0.08 0.34 0.01 0.08 0.34

R-treetranslated3D 0.01 0.07 0.33 0.07 0.54 2.23

R-tree2D criteria 0.01 0.12 0.42 0.06 0.59 2.34

NN 2D criteria 0.1 7.22 207.6 0.27 26.12 770.85

Figure5.2: Thecomplexity of differenthierarchicaltechniquesandtheeffectof building many

hierarchiesfor theprojectedapproaches.Thesetime statisticsaretakenfrom the“tree” scene

(Figure6.1) for sizefactors6, 9 and11,whenthefloor is split (Section6.3.6).

All theabove operationsaredoneover all 3 dimensionswhencreatinga 3D independent

hierarchy(thatis all criteriamustbecheckedandevaluatedin all dimensions).Thus,ourview

dependenthierarchies,which arebasedon 2D criteria, will be of the samecomplexity, but

considerablyfaster, sinceweareeliminatingtestsononedimension,asit is seenin Figure5.2.
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5.3 Performance

Basedonthework donein [GS87],onecandeterminetheexpectednumberof rayintersections

on a givenhierarchy, basedon thenumberof childreneachnodehas,andthe relative areait

coverscomparedto therootnode.

In [AK89] theapproachof determiningtheperformanceof a boundingvolumehierarchy

is viewedasan attemptto seehow a boundingvolumeaffectsthe distribution of raysfor its

childrenvolumes.Following thenotationof [AK89], we denoteas o �
theexternalcostof a

boundingvolume,i.e. thefixedcostof a ray intersectiontestwith thevolume,andas Q � the

internalcost, i.e. the averagecostof a ray intersectiontestwith the contentsof the volume,

giventhattheraydid hit thevolume.

Sofor aboundingvolume ç enclosingOSs���O ^ �>«�«h«áO � childrennodeswehave:

Q � ��çb� ! �è�êéKs
ë o � ��OÁ���-@ Ê ÙÜ�£OÁ�p���E� ªÊ ÙÜ��çr���E� ª VZQ � ��OÁ���>ì (5.4)

where
Ê ÙÜ�píg���E� ª is theaverageof theprojectedareasof í alongdirections� . Theabove

appliedrecursively cangiveanaveragecostof intersectingaraywith agivenboundingvolume

hierarchy.

The above methodfor predictingthe performanceof a hierarchyis neverthelessan ap-

proximationof theactualsituation.Theresultingquality measurereflectstheactualhierarchy

performanceonly in caseswheretheprobabilitiesof intersectingany child of a nodeareinde-

pendent.If for instanceoneof thechildrenin a nodeis biggerthanthe rest,this is not true.

So the approachis actuallyonly an accurateapproximationwhenboundingboxesaremuch

smallerthantheirparents.

That is why, in order to determinethe quality of the hierarchiesusedin our testing,we

will actuallycounttheir performanceat run time. Themostimportantmeasureto demonstrate

theperformance(andmoreover thequality of a hierarchy)is thenumberof objectstestedfor

intersectionby a ray. In anidealhierarchya raychecksoneobjector noneandin ascenewith
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no hierarchy� objectsarecheckedby every ray (where � is thetotal numberof objectsin the

scene).Sotheaveragenumberof objectshit by a ray is a goodindicationof thequality of the

hierarchy.

In our resultswe will evaluatethis measureonly for thevisibility rays,sinceall theother

raysalsousehierarchiesof thesamequality.

5.4 Traversing

Our hierarchiesrepresenta givensceneasa treestructure.Assuminga treeis balancedand

no overlappingnodesoccur(optimal), the averagetraversalcost is ����adc4eg�W� , whereasin the

worstcase,without theseassumptions,it is �����W� . Of courseobjecthierarchiesarenot always

balanced(our Nearest-Neighbor-like algorithm yields unbalancedtrees)or non-overlapping

(all thehierarchiesusedmayhaveobjectboundingboxes,or morelikely boundingboxesfrom

joining, thatoverlap).Thustheaveragetraversaltimeincreases,assumingthatall pathstoaleaf

areequallyprobable.This of courseis not alwaysthecase(we canhave unbalancedoptimal

trees[AK89]), but it is almostalways applicablein the caseof approximationhierarchical

algorithms.

The traversalcostdeteriorateswith theuseof a 2D hierarchy(eitherbuilt on 2D criteria,

or by projectinganexisting view independenthierarchy)aswe have implementedit. This is a

resultof the fact thatwe eliminatetestson onedimension(the � coordinate).In otherwords

a line queryin a 3D hierarchyis not asfastandaswell representedasa point queryin a 2D

hierarchy.

Theabove claim canbeseenwhencomparingtheaveragecostof hitting an intermediate

objectin ahierarchy, asseenin Figure5.3.

It is apparentthattraversinga2Dhierarchyis muchcheaperif weuseaprojectionhierarchy

whenthescenesarefairly complicated.Whenscenesaresmall (like the “tree” sceneof size

factor6), thebenefitsof traversingthehierarchyfastareovershadowedby thefactthatthe2D
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TraversingCostfor Intermediateobjects(FLOPS)

SF= 6 SF= 9 SF= 11

T-D Bin Partitioning 1,069,180 1,450,650 6,921

TDBPprojected3D 421,547 14,158 4,056

R-tree 2,181,550 1,547,200 184,897

R-treeprojected3D 131,478 81,430 10,632

R-tree2D criteria 1,162,410 106,928 1,322

NN 2D criteria 203,590 52,764 10,468

Figure5.3: Thesecoststatisticsareagaintakenfrom the“tree” scenefor sizefactors6, 9 and

11. It is interestingto notehow muchcheaperare the intersectioncostsin the casesof the

projectedhierarchiescomparedto their view independentcounterparts.In this scenethefloor

is viewedasa setof smallerparts,in orderto avoid any artifactscausedby thebig sizeof the

floor object.

boundingboxesarelooseandseveralraysreachlower levelsof thehierarchyneedlessly. This

is alsothereasonbehindthebiggertraversalcostin thesmallestscenes.

Wemustmentionherethatin thewaywehaveimplementedtheprojectedhierarchies,more

thanonestructureis usuallyneededfor a singlescene.Thuswe introduceanextra costin the

ray tracingprocedureassociatedwith thechoiceof structureto beused.For examplevisibility

raysusethevisibility hierarchy, shadow raysthelight hierarchyandreflection/refractionrays

a view independenthierarchy. As we will show in our results,this decisionin our approach

greatlyaffects the resultingperformance,especiallyin scenesthat requiremany hierarchies

(suchassceneswith a largenumberof lights). This costof choosinga hierarchyis a constant

factorperray, sowe couldsayit is in awayscene-sizeindependent.Moreover, asthenumber

of objectsin a scenebecomeslarger, the cost of intersectingthe objectsand traversingthe

hierarchyovershadows that of the choosinga hierarchy, sincethe numberof rays that are

newly introducedis relatively small.Theaboveis apparentin ourresults,becausewhenscenes
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get larger, the projectedhierarchiestime for ray tracing convergesthe sameway the view

independenthierarchiestimedoes,implying thataftera point thecostof choosingahierarchy

is no longersignificant.

Finally, weneedto alsoassociateanothercostwith thetraversingprocessin the2D hierar-

chies.Sinceweaccelerateray intersectionon the2D boxesby performingapoint-in-rectangle

check,wemustmakesurethattheorigin of therayis indeedontheplaneof thehierarchy. This

is alwaystrue for visibility rays,but not so for shadow rays. So eachshadow ray needsfirst

to be projectedon the planeof the light hierarchy. This cost is small andis performedonce

per hierarchy(for eachray). Neverthelessit addsto the overall ray tracingtime. Its effects

areincludedin thechoiceprocess,sincetheprojectionof therayneedsto bedoneprior to the

choiceof hierarchy.

5.5 Summary

As wehavediscussedin thischapterthepreprocessingcostfor building a2D hierarchyis very

smallcomparedto building anindependenthierarchy, giventhefactthatalthoughindependent

hierarchiesdo not includeprojectioncost,they have to incorporatethecostof consideringan

extradimension.Nevertheless,thiscostbecomesabig factorwhenmany lightsareintroduced

in thescene,dueto thefactthatwhenusingaview dependentapproachmany hierarchiesmust

bebuilt in orderto accommodateshadow raysandothersecondaryrays.

Thecostof traversinga2D hierarchyis quitesmallcomparedto traversinga3D hierarchy,

specificallyin thecaseof largescenes.Thebenefitfrom thisfasttraversalneverthelessis weak-

enedby thefactthatacostin choosingtheappropriatehierarchyfor eachray is introduced.
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Testingand Results

As promised,we will demonstratetheperformanceof our approachtestingseveralscenes.In

order to provide testingresultsthat aregenerallyacceptedandcanbe easily reproducedby

any interestedparty, wewill usetestscenesfrom theSPDset[Hai87], aswell asseveralother

scenesfollowing theSPDspecifications.

Our aim in this sectionis firstly to demonstratehow thetechniqueworks in generalcom-

paredto theconventionalview independenthierarchyapproach,andsecondlyto examinehow

its performancescaleswhenthescenebecomesmorecomplicatedandlights areadded.

6.1 ComparisonMetrics Used

Several metricswill be calculated,soasto give a detailedandmeaningfuldescriptionof the

behavior of thehierarchytypesexamined.Thesemetricsare:

� Time

Wewill givetwomeasuresof time. Thefirst, îKï , is thePreprocessingTimefor thescene.

This time essentiallycoversthehierarchybuilding. In theview independenthierarchies

this time is equalto building theoneneededhierarchy. In theprojecthierarchieswecan

view this time asa combinationof the time spentto build thevisibility hierarchy( î F ),

62
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thehierarchiesfor thelights ( î 1 ), aswell asthe3D hierarchyneededfor reflectionand

refraction( î_ð ).

Theothertimemetricthatwill usefor bothview independentanddependenthierarchies,

î � , is thetotal timespenton ray tracingthescene,afterthepreprocessingstep.

îKï and î � aretwo distinct andnon-overlappingmetricsandthey areexpressedasthe

CPUtime in seconds.Althoughseveralothermetricsarealsocounted,time is theone

wewill focuson in ourexplanationsandperformancegraphs.

� The Costof All testsPer Hierar chy Object (traversal cost)

TheCostof All testsin aHierarchy(
�%D 6 ) expressesthenumberof flops(aswedefined

themon chapter5) usedto traversethe hierarchy, andCostof all testsper Hierarchy

Object (
� 6 & ) indicatesthe averagecostof traversingonehierarchyobject(not actual

sceneobject).

Thesecostmeasuresgive a very clear ideaof the calculationsdonewhentraversinga

hierarchyandgreatlyaffect the ray tracingtime. This is a measurethat the useof 2D

hierarchiesaimsat minimizing.

In thecaseof the2D Hierarchies,thesetwo measureswill expressthesumof costsfor

visibility andlight hierarchies.In the3D hierarchiesthecostwill alsobecalculatedfor

primary(visibility) andshadow rays.Thereasonwhy we discardsecondaryraysis that

the2D versionof a hierarchyusesa 3D view independenthierarchy, which is thesame

asthe 3D versionof the hierarchy. Sincethe hierarchiesusedby both approachesfor

secondaryraysarethesame,andgiventhe fact that thenumberof secondaryrayscast

arethe same(dependson the numberof successfulintersectionsin the previous level,

which is independentof hierarchy),thecostwill bethesameandthuswe do not take it

into account.

In our graphswe will presenttheCostperHierarchyObject(in otherwordstheaverage

costof intersectingan intermediateobjectof the hierarchy). We chosethis of the two
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costmetrics,sinceit is moreintuitive.

� The Costof all testsPer actual Object

As theabove measures(
� 6 D ,

� 6 & ), thesetwo costsexpressthecalculationexpenseof

intersectinganobjectat the last level of thehierarchy(all calculations
��&ID

, aswell as

anaveragecostperobject
��&

). Of coursethiscostis alwayscalculatedin a3D approach

and it demonstrateshow accuratea hierarchyrepresentationis. If the cost is small, a

small numberof rays reachedthe last level. Again, we do not countsecondaryrays’

cost,becausewewantto show how the2D approachaffectedthelastlevel intersections.

It is only naturalthat sincethe 2D boundingboxesarenot as“tight” asthe equivalent

3D, thecostwill behigher. We want to seeif this highercost,togetherwith thehigher

preprocessingtimecanbeoffsetby thegainsfrom traversingthehierarchyfaster.

Thesetwo measures,aswell astheabove,do not aim to testwhich hierarchyalgorithm

works better(this canbe seenfrom the Numberof RaysTested). Rather, they aim to

comparethe2D andthe3D versionof thesamealgorithm.

Again we will displayonly theCostperactualObject,in otherwordstheaveragecost

for intersectinganobjectof thescene.

� The averagenumber of objectstestedby a ray

As wementionedin chapter5, in anidealhierarchyeachraywouldtestoneor noobjects.

In a scenewith no hierarchicalstructurea ray would be testedagainsteachobject to

determinetheclosestintersection(if any). In orderto provide a measureof thequality

of our hierarchieswe will thuscomputetheaveragenumberof objectshit by a ray. The

closerthis numberis to 1 thebetterthequality. This testwill beperformedon visibility

raysonly, sincethey useonehierarchyin all cases.But the resultscanbe viewed as

accuratefor all hierarchiesin agivenscene,sincethey all follow thesameheuristics.

For a fastandintuitivereview of theapproacheswe will givehereinformationconcerning

time,objectcostandaveragenumberof objectshit by a ray displayedin graphs.We focuson
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thesemeasuressincethey aregoodindicatorsof theperformanceandquality of thehierarchy

schemesthatwecompare.

Eachsceneis run for severalsizefactors(SF).As far ashierarchicalbuilding is concerned

we will try 2D and3D hierarchicalschemes.Moreover, for all thehierarchieswe will exam-

ine severalcombinationsof ray-intersectionschemes.We will try 2D intersectiontestswhen

traversingthe hierarchy, 3D intersectiontestandfinally a 2D first passfor intersectionand

thena 3D pass.We believe thatthesecombinationsof hierarchiesandtestingapproacheswill

provideusageneralandaccurateimageof theaspectsof eachapproach.

Sowe have thefollowing graphsfor eachscene:

- Using2D intersectionschemein 3D and2D hierarchies

- RaytracingTimevs SizeFactor

- PreprocessingTimevsSizeFactor

- Averagenumberof objectshit by a rayvs SizeFactor

- Averagecostfor hitting anobjectvsSizeFactor

- Averagecostfor traversinganintermediateobjectvsSizeFactor

- We will also refer to 3D intersectionschemein 3D and 2D hierarchies,as well as a

combinationof 2D and3D testingschemein 2D and3D hierarchiesfor thesamegraphs.

Becausethesizefactorof thescenesis relatedin a differentway to theactualnumberof

objectsin eachscene,in somecaseswewill normalizethemeasures,in orderto bettercompare

theperformanceof thealgorithms.
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6.2 TestScenes

6.2.1 Tree

Figure6.1: Treescenefrom SF1 to 11

This sceneis indeedvery challenging,for the projectedhierarchiessince it includes7
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lights insidethescenevolumeandindeedfor all hierarchiessinceit displaysahighly irregular

distributionof theobjects(Fig. 6.1).

Thesceneis rununder11sizes(sizefactorsor SF)containingnßñ :Jò u s£ó 	Úx conesandspheres

+ 2 trianglesand7 lights. In otherwordsthenumberof objectsrangesbetween5 and4097.All

surfacesof theparticularscenearematte.This facilitatesthecomparisonbetweenthedifferent

approaches,sincetherearenoreflectionor refractionraysto dominatethenumberof raysshot

in thescene.

6.2.2 Sphereflakes

Figure6.2: Sphereflakesscenefrom size1 to 4

Oneof the mostcommonscenesfrom the SPDlibrary is the “sphereflakes” scene(Fig-

ure6.2).Thesceneis asetof shiny spheres,with eachspherebloomingasetof 9 morespheres
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with 1/3rdradius.Two mattetrianglesfor afloor arealsoadded.Therearethreelight sources.

Thesizefactorof thescenedeterminesthenumberof objectsoutputed.The total numberof

spheresis

:;òôõ É é � ´ õ É !Òö�÷àø�ù;ú ûhü qIsý , plusthetwo triangles.

Wewill testthescenefor four discreteSFandgetsceneswith 10,91,820or 7381reflective

spheres.For our testingwe will useall 4 sizesof the scene,beginning from the small scene

andgraduallyincreasingthesize,soasto seetheeffectsof biggerandmorecomplex scenes

on thehierarchicalalgorithmsandon thenew 2D approach.We expectthatbiggernumberof

objectswill adda biggeroverheadof preprocessingtime in the2D approaches,andwe want

to seeif this overheadis small comparedto the benefitsof fasthierarchytraversalof the2D

approach.

6.2.3 Gears

Figure6.3: Gearsscenefrom size1 to 4
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The final scenewe will test is the gearsscene(Figure 6.3). This is probablythe most

challengingof thethreetypesof scenessinceit exhibitsreflectionandrefraction.Tworeflective

trianglesareusedfor thefloor plustheoverall º �#�gþSÿ trianglesfor thegearsthemselves.
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6.3 Resultsand Observations

Apart from graphsdemonstratingtheactualvaluesof themetricsdescribedin Section6.1,we

will alsogivesomerelativevaluesasdescribedbelow.

Sincethesizefactorof theTreesceneis the adc4e ^ ���-� , where � is thenumberof objectsin

thescene,it is not intuitive how the imagescalesin respectto thenumberof objects.That is

why we believe thatmeasuresthatarelinkedto thesizeof thescene,suchasray tracingtime,

preprocessingtime, intersectioncostperobject,andtraversalcost,shouldalsobeexpressedin

a adcfe ^ scale,in orderto derive thegrowth rateof thevariousprocesses.Thesameappliesto

theSphereflakesscene,althoughherewe usethe ahc4e ö�� ý scale.Finally, in theGearsscenethe

numberof objectsis relatedto the SF via the expressionº VÏ�gþÏÿ . That is why in the Gears

scenewewill give thesamegraphsin a �� scale.We believe thattheaveragegrowth rate(the

slopof our graphs)will bea goodmeasurefor comparingthebehavior of thetestedscenesin

termsof theactualnumberof objectspresent.

6.3.1 View IndependentHierar chies

Wewill attempthereto explain thebehavior of theseveralhierarchicalapproaches,asthey are

appliedto thetestscenesmentionedabove.

Thefirst thing to observe is thatfrom thethreeview independentalgorithm’sperformance

(Top-Down Binary, R-treeandR*-tree),theTop-Down Binary Splitting (TDBS) is thefastest

regardlessof thenumberof objectsandthescenecharacteristics(Figure6.4). Both theR-tree

andtheTop-Down BinarySplitting aimat minimizing thearea(volume)coveredby thelevels

of thehierarchy. Ontheotherhand,theR*-treeminimizesoverlapbetweenboundingvolumes.

The R-treevariantsarebuilt by insertingobjectsoneat a time, whereasthe TDBS algo-

rithm assumesknowledgeof thescene,anda sortaccordingto themidpointsof thebounding

volumeis appliedprior to thehierarchyconstruction.SincetheTDBS outperformstheother
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Figure6.4: Timesfor view independenthierarchiesfor all scenes

two hierarchies,we observe that the orderof insertingthe objectsin the R-treeandR*-tree

algorithmsaffects their quality greatly. So the stepof sortingthe objectsby their bounding

volumecenteraccordingto eachdimensionin theTop-Down BinarySplittingprovidesamore

balancedhierarchythantheunorderedinsertionasit is donein theR-treevariants.Neverthe-

less,this “a priori” knowledgeof the scene,asit is usedby the Top-Down Binary Splitting,

resultsin a non-dynamichierarchythatcannotbecheaplyreused.

6.3.1.1 As farasthethetwo R-treevariationsareconcernedin termsof time,weobservethat

they behave differently accordingto eachscene.As we have mentionedthe R-treecriterion

for joining objects(boundingboxes)is theminimumresultingarea,whereastheR*-treeaims

at minimizing the overlapbetweenboundingvolumes. Thesetwo criteria seemto converge

in termsof time in the treescene(the two global hierarchieshave almostidenticalbehavior
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for all sizesof thetree). This behavior is observedonly in thetreescene.Eachbranchof the

treeis formedby a cylinder anda sphereandfrom thespheresproutanothertwo cylinders. It

seemsthatin thisparticulararrangementtheminimumoverlapaswell astheminimumaverage

areaarebothachievedby joining thecylinder with theequivalentsphere.That is why thetwo

hierarchiesthatcomefrom theR-treeandtheR*-treeareverysimilar andthusyield a similar

performance.Thesetwo criteriawork verydifferentlyin theothertwo scenes.

6.3.1.2 In thegearsscenetheR*-treealgorithmjoinstogetherthesmall“teeth” of agearwith

its mainbody, sincethisyieldstheminimumoverlapof boundingvolumes.Ontheotherhand,

theR-treetendsto join theteethof eachgearwith thoseof thegearbellow or above,sincethat

yieldsasmall increasein thevolumeof theboundingboxes.Theresultis thattheR*-treetree

bettermodelseachgearasanentityandprovidesamorebalancedtreein theupperlevel of the

hierarchy.

6.3.1.3 Theabovesituationis reversedin theballsscene.Themainreasonbehindthebetter

performanceof theR-treeis thefact thattheactualspheresdo not overlap,but their bounding

volumesdo,andit is theboundingvolumeswhich drive thehierarchybuilding algorithms.So

the R*-tree tendsto join spheresfrom two or more levels apart,sincetheir boundingboxes

overlapandthe spheresof the upperlevels aresmallerandthusthe overlapis smaller. This

problemdoesnot appearwhenusinga volumemeasureto build thehierarchy(like theR-tree

does).Soin theballsscene,theR*-treeresultsin biggerboundingvolumesin theintermediate

levelsof thehierarchy, slowing down theray tracingprocedure.

Fromtheabovewe canderive thatpre-sortingtheobjectsreally improvesthequality of the

hierarchy, but it is not alwaysdesiredsinceit implies a staticscene(no insertionor deletion

without rebuilding thestructure).Whenusingoneof thetwo R-treevariantswe mustkeepin

mind thatsceneswith complex objectsthatareconstructedwith overlappingsmallerpartsare

favoredby theR*-treeapproach,whereassceneswith limited overlappingperformbetterwith
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theR-treeapproach.

It is also interestingto mentionthat the averagenumberof simple objectshit by a ray,

aswell as the cost for eachobject is almostthe samein all theseglobal view independent

hierarchies.Thismeansthatthenumberof raysthatreachtheobjectsis almostthesamein all

thehierarchies.What is differentis thetraversingof theproducedhierarchies(how soonrays

arepruned,what is the costof traversingeachintermediatenode,etc) andhow closelythey

modelthescene(laterseenin Figures6.15and6.17).

By examiningthenormalizedray tracingtimesof theView IndependentHierarchies(Fig-

ure6.5),weobservethatthegearssceneis theonedemonstratingthesmallestgrowth ratio for

all hierarchicaltypes.In otherwordsthetimerisingperaddedobjectin thesceneis small.This

impliesthatthereflectionandrefractionteststhattakeplacein thegearsscenecombinedwith

thetransparentlayersof thegearsmake thecostof addinga new layerquitesmall (compared

to the restof thecalculations).Moreover, the fact thatwe do not usea thresholdfor pruning

secondaryrays, rathercalculateraysuntil they exit the scene,causesin part the non-linear

behavior of thegearsscene(moreobjectsensurefasterintersectionof raysandobjects,thus

earlierpruning). On theotherhand,in theSpherflakessceneaddinga new sphereintroduces

new intersectionsandnew reflectionraysthathave to becomputed.Finally, in theTreescene

addingobjectstranslateddirectly to moreintersectionswith objectsandthusthegrowth ratio

is smallerthanthatof theballsscene,but greaterthanthegearsscene.

6.3.2 View DependentHierar chiesbuilt on 2D criteria

Unlike their view independentversion,the R-treeandR*-tree projectedhierarchiesperform

quitesimilarly in respectto time in all thegivenscenesandsizes,but still theR-treeprojected

versionis a bit betterthantheR*-treeone(asseenin Figure6.6 whereprojectedhierarchies

arelabeled“nameP”). This is to beexpectedin fact. Sincewe arenot takinginto accountthe

third dimension,theR*-treeaimingat minimizing 2D overlap,often joins togetherbounding
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Figure6.5: Normalizedray tracingtimesfor view independenthierarchiesfor all scenes

volumesthat resultin moreemptyspacein the interior nodes.This could leadus to expecta

muchworseperformanceby the R*-treecomparedto thatof theR-tree. This is not the case

becausethe fact that thereis small overlapprunesraysearlier into the hierarchyandforces

themto chosefewerpossiblepaths.

Thesetwo projected(2D criteria)approachesaredynamicallyupdated(ascantheir respec-

tiveview independenthierarchies),but theNN projectedhierarchyoutperformsthemin terms

of time in all cases(even thoughit is not dynamic). This indicatesthat the traversalcostof

a 2D hierarchy(which is deeperandwider in the NN case)is insignificantcomparedto the

benefitsof a hierarchythatcloselyrepresentsthescene.Theabove is truefor all intersection

types,which indicatesthat theuseof a particularintersectionschemeaffectsall theprojected

hierarchiessimilarly.
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Figure6.6: Raytracingtimesfor all hierarchiesandscenes

6.3.3 View DependentHierar chiesbuilt on 3D criteria

Thesehierarchies,alsoreferredas“dummies”, areoriginal 3D hierarchiesthat arethenpro-

jectedto the viewing andlights planes.As do their view independentcounterparts,theTop-

Down BinarySplittingoneis alwaysthebestin termsof time,andtheR*-treeandR-treeones

follow thesameprinciplesandbehavior astheir independentcounterpartsin all thescenes.

It is interestingto observethatthedummyhierarchiesalwaysoutperformtheircounterparts

thatuse2D building criteria.This is anindicationthatthethird dimensionshouldbetakeninto

considerationin order to modela scenemoreclosely (asseenin Figure6.6, wheredummy

hierarchiesarereferredto as“nameD”).
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6.3.4 Intersection Schemesin View DependentHierar chies

Theintersectionschemestestedfavor differenttypesof scenesandtherenderingcostdepends

in parton thecameraandlight positions. Intersectionsandtraversalthroughthehierarchical

structureis obviously fasterwhenusinga 2D test. Nevertheless,whenthe 2D boxesmodel

theobjectsof thescenepoorly, thena combinationtestfilters thenumberof raysthereachthe

objectlevel, addinganoverheadat thetraversalprocess.In all theexaminedcasestheuseof a

3D testfails to givegoodresults,sincethereis no actualgainin thetraversaltime.

6.3.4.1 The2D intersectionschemeis betterfor both the2D anddummyhierarchiesin the

Treescene,the combinationtest is bestfor all projectedhierarchiesin the gearsceneandin

theballsscenethecombinationschemeis better(Figure6.8). Thereasonthe2D testis better

in theTreescenelies in the fact that theangleof lights andof theviewing planeis suchthat

whenjoining 2D boxesatighter“area” is producedthanby projectingthe3D boxof thejoined

3D boxes(Figure6.7).Thusasmallernumberof raysreachesthelowestlevel of thehierarchy

with a low cost. Whenthe 3D test is addedit only contributesinto the traversingtime, thus

renderingtheray tracingslower.

6.3.4.2 In thegearsscenetheangleof thecameraandthelightsarein positionsthatproduce

loose2D boxesin thelowestlevel. This is propagatedwhenjoining the2D boxestogether. A

big percentageof theareain the2D boxesacrossthehierarchyis emptyandsomoreraysreach

the lowestlevel. On theotherhand,whena 3D testis added,it refinesthenumberof raysby

alsotestingthetighter3D boxes.

Whenit comesto choosingan intersectionschemethe angleof the lights or the viewing

planeis not always obvious. But as a criterion a large degreeof 2D overlapping(hidden

objects)amplifiestheeffectsof loose2D boxes(andthecombinationschemeshouldbeused),
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Figure6.7: A simplecasewherethejoining of two 2D boxesis betterthanprojectingthe3D

boundingvolumederivedfrom thejoining of their 3D counterparts.

whereasin sceneswith small2D overlappinga2D intersectionschemeis fasterandis affected

little by theloosenessof the2D boxes.

6.3.5 Overall Time Comparisons

Fromthetimedatawehavegatheredit seemsthatin thesceneswheresecondaryraysdom-

inatein number(balls,gears),theprojected(2D anddummy)hierarchiescomevery closebut

neverquiteoutperformtheview independenthierarchies(Figure6.9). This leadsusto believe

thatthecostof selectingahierarchyis in factthebiggestslowdownof ourmethod.Thischoice

costalsoaffectsthetreescenesincethereare7 lights (7*6 = 42 hierarchies),but theimpactis

lessenedbecausethenumberof raysthatneedto chosehierarchiesis smaller.

In orderto prove our point we testedtheTreeandtheballsscenewith a singlelight. The



CHAPTER 6. TESTING AND RESULTS 78

0

10

20

30

40

50

60

0 2 4 6 8 10 12

T
im

e 
(s

ec
)

Size Factor of Tree

RT Time

0

10

20

30

40

50

60

0 1 2 3 4 5

T
im

e 
(s

ec
)

Size Factor of Sphereflakes

RT Time

100
200
300
400
500
600
700
800
900

1000

0 1 2 3 4 5

T
im

e 
(s

ec
)

Size Factor of Gears

RT Time

2D NN
2D TDBS D
COMB NN

COMB TDBS D

Figure6.8: Someof thetimesusingdifferentintersectionschemesin projectedhierarchies

resultsshow (Figure6.10)thatindeedtheprojectedhierarchiesimprovetheirperformanceand

arequitefasterthantheview independentonein thetreesceneandthedifferenceis amplified

asthe scenegetslarger. The projectionhierarchiesarealmostasfast in the balls scene,but

becausetherearereflectionandrefractionraysaswell, theoverheadof choosingahierarchyis

moreapparentthanin thetreescene.

Although it is apparentthat lesslights reducethe costof choosinga hierarchy, it is not

immediatelyclearif thecostmentionedabove comesfrom determiningthe light of origin for

a shadow ray or from identifying oneof the 6 hierarchiesassociatedwith the light. This is

why, as we mentionedin Chapter3, we also testedour sceneswith shadow rays that have

“knowledge”of thelight they originatedfrom. In thesecasesweeliminatedthechoiceof light

of origin (Section3.2.1).Our resultsshow (Figure6.11)thatindeedtheprojectedversionsare
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Figure6.9: Someof thetimesfor all typesof hierarchies

accelerated,but not greatly. So we have cometo the conclusionthat choosingthe hierarchy

insideeachlight (oneof 6 possiblehierarchies)is costingmorethandeterminingthe light of

origin.

The above lead us to concludethat projectionhierarchiescan indeedimprove the time

complexity of ray tracingin complex scenes,providedthatthenumberof secondaryraysthat

needto betestedagainstthehierarchiesandthenumberof hierarchiesthemselvesis low.

6.3.6 Other Observations

Number of objectshit by ray: In Section6.1 we mentionedthat thenumberof objectshit

by a ray givesa goodindicationof thequality of a hierarchy. As seenin Figure6.12,theav-

eragenumberof objectshit in theview independenthierarchiesis lessthanin all theprojected
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Figure6.10:Someof thetimesfor all typesof hierarchieswith lesslights

approaches.As wesuspected,view independentapproachesmodelthescenemoretightly. We

observe that the differenttypesof hierarchiestendto teemtogether:view independentones,

projectedonesbasedon 2D criteria,projectedbasedon 3D criteria. Thesimilaritiesobserved

betweenthe hierarchicalapproachesis a goodindicationthat althoughthe hierarchicalalgo-

rithmsof eachapproacharedifferent,thefactthatthecriteriausedaresimilar(2D or 3D) yields

similarqualities.In this testing2D intersectionschemeis usedfor projectionhierarchiesin or-

derto giveanaccurateimageof thetightnessof thehierarchies;thecombinationschemetends

to prunemoreraysanddistort theresults.This 2D intersectionschemeis accountablefor the

fact that theprojectedhierarchiesbasedon 3D criteriaarelesstight thantheactualprojected

ones.

The peculiarbehavior of all hierarchiesaroundsmall SF valuescanbe partially viewed

asartifact of small scenes,wherethe cost of usinga hierarchycandegradethe ray tracing

procedure.

Preprocessingtime: As we have mentionedin Chapter5 thepreprocessingcostof theap-

proachestestedvaries6.13.

As far asthe hierarchicalapproachused,view independenthierarchieshave smallerpre-



CHAPTER 6. TESTING AND RESULTS 81

0

5

10

15

20

25

30

35

40

0 2 4 6 8 10 12

T
im

e 
(s

ec
)

Size Factor of Tree

RT Time

0

5

10

15

20

25

30

35

40

0 1 2 3 4 5

T
im

e 
(s

ec
)

Size Factor of Sphereflakes

RT Time

0

50

100

150

200

0 1 2 3 4 5

T
im

e 
(s

ec
)

Size Factor of Gears

RT Time

NN
NN L

TDBS D
TDBS D L

TDBS

Figure 6.11: Someof the times for the original tree, balls and gearsscene. All projected

versionsfollowedby � indicatethatthey arerenderedsothatshadow rayshaveknowledgeof

their light of origin.

processingtime than their projectedcounterparts,sincethey only createa singlehierarchy.

Whenit comestheprojectedapproaches,theonesbuilt on 3D criteriaarecreateda bit faster

thanthosebuilt on 2D criteria,becauseprojectingboundingboxesis cheaperthanrunningthe

hierarchicalalgorithmfrom scratch.

Whenit comesto preprocessingtime of differenthierarchicalalgorithms,the fastestare

the R-treeandR*-tree algorithms,sincethey areapproximationapproachesof ���	��

�����	����� .
AlthoughtheTDBSbuilding is alsoof ���	

����������� complexity, thesortingappliedbeforehandis

anextrafactorintroducedin thepreprocessingtime. SotheTDBSis slightly slowerin termsof

preprocessingtime thantheR-treevariations.Finally theNN approach,sinceit is of quadratic

complexity ( ���	����� , is the worst in termsof preprocessingtime. The above observationsare



CHAPTER 6. TESTING AND RESULTS 82

1.4
1.6
1.8

2
2.2
2.4
2.6
2.8

3
3.2

0 2 4 6 8 10 12

# 
A

ct
ua

l O
bj

ec
ts

SF

Objects hit per ray for tree

2
2.2
2.4
2.6
2.8

3
3.2
3.4
3.6
3.8

4

0 1 2 3 4 5

# 
A

ct
ua

l O
bj

ec
ts

SF

Objects hit per ray for sphereflakes

0

10

20

30

40

50

60

0 1 2 3 4 5

# 
A

ct
ua

l O
bj

ec
ts

SF

Objects hit per ray for gears

TDBS
R-tree

R*-tree
R-tree P

R*-tree P
NN P

TDBS D
R-tree D

R*-tree D

Figure6.12: Avg numberof actualobjectshit by a ray for all scenesandhierarchicalalgo-

rithms.

bestdemonstratedin thenormalizedgraphs(Figure6.14).

Hierar chy Traversal Cost: Oneof thebenefitsof usinga projectionhierarchyis thesmall

traversalcost,sincein our implementationit consistsof a point-in-rectanglecheck.Whatwe

areessentiallycountingin aneffort to demonstratethis fasttraversal,is the ratio of traversal

costover the numberof intermediateboundingvolumes( �������� �!#"#$ ) vs the size factor. In

otherwordswe give the averagecost of intersectingan intermediatenodeof the hierarchy,

withoutconsideringthecostof intersectingasimpleobjectat thelowestlevel of our structure.

Our testingdemonstrateshow muchfastertheprojectedhierarchiesaretraversedcompared

to their view independentcounterparts(Figure6.15).
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Figure6.13:Preprocessingtime for all scenesandhierarchicalalgorithms.

We note that the intersectioncost in all approachesis considerablysmallerin scenesof

high SFandin smallerscenesthereis a big slope.This is closelyrelatedto thefactthatin the

smallerscenestheaveragesizeof a boundingvolumeis biggerandthustheaveragenumber

of raystestedagainstit is larger. Moreover it is anindicationthatsmallerscenesdo not really

benefitfrom the useof boundingvolumehierarchies.The overheadof creating(especially

in projectedapproaches)andtraversing(especiallyin theview independentapproaches)these

hierarchiescostsin factmorethanthegainof pruningrays,asclearlyseenin thenormalized

graphof Figure6.16.

Per Actual Object Cost: As wehavealreadymentioned,projectedhierarchiesarelesstight

thanview independentonesandresult into biggernumberof raysreachingthe last level of
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Figure6.14:Normalizedpreprocessingtime for all scenesandhierarchicalalgorithms.

thehierarchies,the actualobjects.The averagecostof intersectinganactualobjectis thusa

goodindicationof thetightnessof a hierarchy(Figure6.17).Thepatternsetby thenumberof

objectshit by a ray is alsoapparenthere.View independenthierarchiesmodelthescenemore

closelyandthusprunemoreraysin the traversalprocess.We canalsoidentify againthe fact

thatsomescenesarein reality morecostlyto renderwhenusingahierarchy.

As it is apparentin Figure6.17, the view independenthierarchiesmodelthe scenemore

closely then their projectedcounterparts,sincea smallernumberof rays reachesthe lowest

level andthusasmallercostperintersectinganobjectis introduced.Amongtheview indepen-

denthierarchiestheR-treeandR*-treedo not modelthesceneascloselyasTDBS,sincethey

introduceanapproximationerror.

Finally, from the normalizedgraphof theaverageobjectcost(Figure6.18), it is obvious
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Figure6.15: Traversalcostof intermediateobjects. Projectedhierarchieshave considerably

lesstraversalcostthanview dependentones.

that the averagecostof intersectingan object is lower in biggerscenes.In the scenestested

here,whennew objectsareintroducedthey arealwayssmallerthantheobjectsalreadypresent.

This leadsto smallernumberof rayshitting the new objectsthanthe old, thus lowering the

averagecostof intersectingasimpleobjectin thescene.

Scaling: What seemsunexpectedin all the presentedscenesis the fact that althoughfor

the Top-Down Binary Splitting (andits dummy)andthe NN algorithmsthe time costscales

linearly with the size factor, the R-treevariantalgorithmstendto degradeasthe sizeof the

scenegetslarger(Figure6.4).

This linearscalingis theexpectedbehavior sincethesizefactorincrementsthenumberof



CHAPTER 6. TESTING AND RESULTS 86

32

1024

32768

1.04858e+06

3.35544e+07

1.07374e+09

0 2 4 6 8 10 12

F
LO

P
S%

SF

Norm avg traversal cost for tree

111.199
361.099
1172.6

3807.82
12365.2
40153.8
130392
423426

1.375e+06
4.46507e+06
1.44995e+07
4.70845e+07

0 1 2 3 4 5

F
LO

P
S%

SF

Norm avg traversal for sphereflakes

0

20

40

60

80

100

120

140

160

0 1 2 3 4 5

F
LO

P
S%

SF

Norm avg traversal for gears

TDBS
R-tree

R*-tree
R-tree P

R*-tree P
NN P

TDBS D
R-tree D

R*-tree D

Figure6.16: Normalizedtraversalcostof intermediateobjects.The traversalcostis larger in

smallscenesandis reducedin largerscenes.

objectsin a sceneexponentially(for both theballsandtreescene).By usinga hierarchy, for

thesetwo scenes,weexpectan ����&��(')��� improvement,where� is thenumberof objects,aswe

have alreadymentioned.Therefor, if � is thesizefactor, �*��
+���,���.-/�*��

�0�21(3��.-/�*�4�5� . For

thegearsscenetheequivalentscalingthatweexpectis �*��67 ���,-8�*� 6
7
�:9��;-<�*�4�5� . But this is

not thecaseasseenin our overall normalizedtimes(Figure6.19).

Theunexpectedbehavior of theR-treevariantsin almostall thecasescanbeattributedto

the absenceof a-priori knowledgeof the sceneas in the Top-Down Binary Splitting. More

specifically, it is well known ([BKSS90]) that approximationalgorithmsdegradein quality

whenverylargeinstances(largein respectto therestof thescene)areinsertedin thehierarchy.

The objectsthat constitutethe floor cover a very big part of the scenewithout beingan
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Figure6.17: Avg costfor intersectingactualobjects.View independenthierarchiesmodelthe

scenemoreclosely.

actualpartof thescene.Theresultin both3D and2D hierarchiesis unbalancedchildrenand

subtrees.Especiallyin the 2D hierarchiesbig floors tendto cover a big part of the viewing

planeandenlargethetotalareaof thescene(thusthereis nofasttestto eliminatedirectionsfor

light hierarchies).

Fromtheseconsiderationsweconcludethatthefloor of thescenesis indeedavery“partic-

ular” objectandshouldnotbetreatedliketherestof theobjectsthatarecontainedin thescene.

To prove our point we divided the floor in the treeandballs sceneandobserved the scaling

of thealgorithms(Figures6.20,6.21).Indeed,afterdividing thefloor, all thetestedalgorithms

andintersectionschemesscaledin thesameway andall thenormalizedtimeswherecloseto

linear. This indicatesthatobjectsthatareconsideredto bemuchlarger thantheaveragefor a

sceneshouldbedealtwith in adifferentway.
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Figure6.18: Normalizedavg costfor intersectingactualobjects.Largerscenescostlessin a

per-objectbasis.

Furthermore,we canobserve thatwhenthesplit floor is usedtheprojectedversionsof the

algorithms(bothbasedon2D and3D criteria)performconsiderablybetterin thetreesceneand

slightly better, even in the balls scene.Finally the preprocessingcostfor all the hierarchical

approachesis amelioratedcomparedto the sceneswherethe floor is consideredasa single

entity.

This is indeedanindicationthatprojectionhierarchiesarequitefasterthantheirview inde-

pendentoneswhenobjectsareof similar size,evenwhentheoverheadof too many reflection

andrefractionrays is so big as in the balls scene.Finally the preprocessingcost for all the

hierarchicalapproachesis amelioratedcomparedto thesceneswherethefloor is viewedasa

singleentity.
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Figure6.19:Normalizedray tracingtime for all scenesandhierarchicalalgorithms.

6.4 Summary

Fromthethoroughtestingwehaveconductedwehavecometo theseconclusions:

= Sortingtheobjectsof ascenebeforebuilding ahierarchyyieldsmoreefficientstructures,

but requires“a priori” knowledgeof thescene.

= Thetraversalcostof a2D hierarchyis insignificantcomparedto thebenefitsof ahierar-

chy thatcloselyrepresentsthescene.

= Averageareacriteriaarebetterfor sceneswith limited overlapping(hiddenobjects).
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Figure6.20:Comparingscalingof hierarchicalapproachesbeforeandaftersplitting

= Overlappingcriteria arebetterusedwith sceneshaving large overlapping(hiddenob-

jects).

= A largedegreeof 2D overlappingamplifiestheeffectsof loose2D boxes,socombination

intersectionsarepreferred.

= In sceneswith small2D overlappinga2D intersectionhierarchyis faster.

= The cost of choosinga hierarchybecomessignificantwhen thereis a big numberof

secondaryrays.

= Objectsthatareconsiderablylargerthantheaveragesizeof objectsnegatively affect the

quality of theproducedhierarchyandslow down theray tracingprocedure.

= Projectedhierarchiesarefasterin largeandcomplicatedsceneswith a smallnumberof
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Figure6.21: Comparingnormalizedscalingof hierarchicalapproachesbeforeandaftersplit-

ting

secondaryrays.



Chapter 7

Conclusions

7.1 Summary

In this thesiswe presenta new way of building boundingvolumehierarchies,usingthe pro-

jection of the boundingvolumesonto the imageplaneandthe light planes.We proposeand

testtwo alternative usesof existing hierarchicalalgorithms.Firstly, we constructhierarchical

structuresusingonly the informationderived from the projectionof the boundingvolumes.

Secondly, we constructthe view independenthierarchyfirst and then we project the entire

structureontotheviewing planeandthelight planes.We show that thetraversalof suchpro-

jectedhierarchiesis much fasterthan that of their view independentcounterpart,sincewe

discardthetestsin onedimension,at thecostof extra preprocessingtime.

Although the traversalof a projectedhierarchyis fasterthana view independentone,the

intermediatenodesof the hierarchydo not model the sceneascloselyas thoseof the view

independentone.This is why wealsoproposeanalternativeintersectionschemefor traversing

theprojectedhierarchy. The fasttraversalon two dimensionsis refinedandif successfulthe

given ray is alsotestedagainstthe view independentvolumeequivalentto the projectedbox

tested.This way thenumberof raysthatpropagatesinsidethehierarchyis limited andfewer

raysreachthelevel of theactualobjectsof thescene,whichareusuallyexpensiveto intersect.

92



CHAPTER 7. CONCLUSIONS 93

With the testingwe performed,we demonstratedthat indeedprojectionhierarchiesmay

acceleratetheray tracingprocedure.This accelerationis evidentwhenthenumberof objects

in thesceneis big andthusthecostof intersectingobjectsandboundingvolumesovershadows

thecostof choosinghierarchies.Thusthefastertraversalmakesadifferencein theoverall ray

tracingtime. Theaccelerationfrom projectionis alsoapparentin sceneswherethenumberof

possiblehierarchiesto choosefrom is limited, that is sceneswith a smallnumberof lights or

lightsoutsidethemainbodyof thescene.

7.2 Discussion

This thesishasprovided insight on the tradeoffs in simplifying andacceleratingray tracing.

Many factorsareat play andby modifyingonepartof thedesignsurelyanotheris affected.

By transforminga 3D problemto a 2D one we discardthe > information of the scene.

This is not crucial at visibility testing,but > information needsto be incorporatedagainin

our approachwhensecondaryrayscomeinto play. In otherwords the fast testsof rayson

2D boxes(comparedto 3D boxes)are tradedagainstthe lossof > informationandof view

independencein theapproach.Thelossof view independenceaccountsfor thebig numberof

generatedhierarchiesaswell astheaddedtraversalcostof choosingtheappropriatehierarchy.

The tradeoff betweenfastertraversalandview independencehasproven to be beneficialin

somecases(specificallywhentherearefew secondaryrays)but hasnot in others.

Anothertradeoff apparentin our work is the tightnessof boundingvolumesversusinter-

sectingcost.Tight boundingvolumesaccountfor lessray-objectintersectionsbut takeupmore

storagespace,areharderto computeandexpensive to test. Boundingvolumesprogressfrom

spheresto AABB to OBB to k-dopsto convex hulls to unionsof convex hulls to objectsthem-

selves;intersectioncostgrowswith eachrefinement.In our work this tradeoff is demonstrated

by 2D and3D boundingboxes.2D boundingboxesform looserhierarchiesthatareneverthe-

lesseasierto intersect.In somecase,for instancewhentheray-objecttestis tooexpensive,this
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tradeoff worksin favor of tighterhierarchies(3D ones).This is thereasonbehindcombination

tests.

Most of the hierarchicalalgorithmsusedtoday are designedunderthe assumptionthat

objectsin ascenetendto havesimilarsizeandsoaimatbestaccommodatinganaverageobject.

Scenesoftendonotcomplywith thisassumptionandvery largeobjectsareintroducedinto the

structure(for examplethefloors).As seenin ourwork, largerobjectsarebetteraccommodated

by the hierarchicalalgorithmswhen they are split into smallerpieces. Again a tradeoff is

detectedbetweenperformanceandtheuniform treatmentof all objects.

Finally, thereis a tradeoff betweenbetterdynamicstructuresandspeed.Projectedhier-

archiesare fast to traverse,but they needto be rebuilt when the cameraviewpoint changes

position (or the light position). This rebuilding processcan be put off somewhat when the

viewpointmovementis small.

Tradeoffs are indeedpresentin many aspectsof our work andof ray tracing in general:

tensionbetweenpreprocessingtimeandraytracingtime,timeandspace,simplicity andspeed.

7.3 Futur eWork

As weobservedin our resultsection,projectedhierarchiesarereally fastto traversecompared

to their view independentcounterparts.We canfurthermoreacceleratethis traversal. All the

projectedhierarchiespresentedso far areoblivious of any informationconcerningthe third

dimension.This factsurelycostsin termsof gettingsomefastvisibility testswheninsidethe

hierarchy. We cancompromisetheprojectionapproachby addingsomeinformationconcern-

ing the > -axis. More specifically, we canalter the splitting criteria in sucha way that the >
distanceof the childrenfrom the planewill affect their positioning. So the farthestchildren

from the viewing planecanbe placedfor instancein the left childrenandthe closestin the

right. Thusthe right childrenwill bevisitedfirst andif thereis a hit there(andthereis no >
overlapwith theleft child), wecanimmediatelydiscardasetof objects.At this point theonly
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> informationkeptis thefactthechildrenarestoredorderedby their > distance.

Furthermore,we observed that the 2-dimensionalboundingboxes,derived from enclos-

ing the projectionsof the 3-dimensionalboundingboxes,are not as tight as the original 3-

dimensionalboundingboxes,thustheneedin somecasesof arefinedcombinationintersection

scheme.Wecangetover this particularproblemby usingfor eachprojectedhierarchybound-

ing boxesthat areaxis alignedin the hierarchyplaneinsteadof in world coordinates.This

way the projectionswould becometighter, but an additionalcostwould be introducedin the

preprocessingtime.

Moreover, we observed thatobjectsbiggerthanthe averageobjectsizein the scene,like

floors,tendto deterioratethequality of dynamicallybuilt hierarchies,especiallytheprojected

ones.If floorswereto bedefinedasspecialobjects(with infinite boundingboxesfor instance),

thenthe form of the scenewould greatlychange.This solutionswould help all hierarchies,

especiallythe2Dones,sincesomeof thelightsthatarenow consideredinsidethescenevolume

would ceaseto be so andthe hierarchieswould not “stretch” to accommodatesuchbig and

skewedobjects.

The problemwith the above solutionis the fact that floors (walls, etc) would have to be

viewedasa differentclassof objectandspecialtechniqueswould have to bedevisedfor their

ray tracing.Thesimplestway to dealwith suchacasethusis to split largepolygons.Thiswill

help the hierarchiesto betteradjustandaccommodatethe smallerpiecesin a moreefficient

way. As we demonstratedin our results,indeedsucha splitting amelioratedtheperformance

of all hierarchiesgreatly, andtheprojectedonesoutperformedtheirview independentcounter-

parts.

The biggestslow down of our approach,asseenin our results,is the fact that raysneed

to be testedagainsta large numberof hierarchiesin order to choosethe appropriateoneto

use.Nevertheless,in many casesthey arefasterthantheirview independentcounterparts.This

leadsus to concludethat the projectedhierarchiescanimprove the ray tracingperformance

evenmoreif we move theselectionof thehierarchyto useto thepoint wherea ray is created
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whenthatknowledgeis availableat constanttime complexity, insteadof ���	

���,&�� , like in the

caseof shadow rays(where & is the numberof lights). At this point, we have implemented

two casesfor dealingwith shadow rays. According to the first, rays are createdand then

testedagainstall lights, in orderto preserve a uniform approachfor all rays.Accordingto the

second,eachshadow ray is only testedagainstthehierarchiesof thelight it wascastfrom. It

is apparentfrom our resultsthat this a priori knowledgeof light origin speedsup ray tracing

in the projectedhierarchies.Apart from the costof choosinga light origin thereis alsothe

costof choosinga hierarchyinsidea light. This costcanbereducedif we replacetheuseof

the light cube(6 axisalignedhierarchies)with theuseof theexactnumberof planesthatcan

accommodatea givenscene.For exampleif a light is on a partitioningplaneof the scene2

hierarchiesareenough.

In generalprojectedhierarchiesareasupgradeableastheir view independentcounterparts

whenobjectsaremovedin thescene.This is not thecasehoweverwhenthecameraviewpoint

or the light positionchanges.In thesecasesthe projectedhierarchiescorrespondingto the

cameraor light needto berebuilt. This rebuild canbepostponedsomewhatfor smallcamera

movements,but not indefinitely. In the future we also plan to look into 2D structuresthat

could be dynamicallyupdated(insteadof rebuilt), in order to provide incrementalvisibility

preprocessing.

Finally, projectionhierarchiescanbe easilyenhancedto accommodateother commonly

usedprocessesin ray tracing,suchassupersampling,radiosity, etc.
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