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Abstract

UsingProjectionto acceleratdray Tracing
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M.Sc.
GraduateDepartmenbf ComputerScience
Universityof Toronto

2001

Thehigh costof Ray Tracingimagerenderinghasdrivenmary researcher® deviseaccelera-
tion techniquedik e boundingvolumehierarchies.

This thesisintroducesnew ways of building boundingvolume hierarchies. We modify
existing algorithmsto useboundingvolumesprojectedontotheviewing andlight planes.This
allows fastertraversalof lesstight hierarchies.First, hierarchicalstructuresare constructed
usingonly the information derived from the projectionof the boundingvolumes. Seconda
view independenhierarchicaktructures projectedontothe viewing andlight planes.Finally,
we augmenteachof the previous hierarchieswith testingraysagainstboth the projectedand
the view independenwvolume. Thus fasttraversalof the hierarchyand tight modelingare
combined.

Testingdemonstratethat projectionhierarchiesacceleratdray Tracingwhenthe number

of objectsin ascenas large andthe numberof possiblehierarchiego choosdrom is limited.



Contents

1

Intr oduction 1
1.1 RayTracing,afastovervien . ... ... ... ... ... ... ... . .... 1
1.1.1 ShadevRays. . . . . .. . . .. e 2
1.1.2 ReflectionRays. . . . .. . ... .. . . . .. 2
1.1.3 RefractionRays. . . . .. . ... ... .. .. 3
1.1.4 Limitations . . . . . . . . . 4
1.1.41 Aliasing . . . . . . o e 4

1.1.4.2 Speculainteractions . . . ... ... ... ......... 4

1.1.43 Efficieny . ... . ... . .. 6

1.2 Motivation. . . . . . . . 7
1.3 ThesisContributions . . . . . .. .. ... . ... 9
1.4 ThesisOrganization. . . . . . . . . . . . i e 9
Previous Work 10
2.1 FasterRay-Objectintersections . . . . . . ... ... ... ... ....... 10
2.2 FewerRay-Objectintersections . . . . . . ... ... ... .. ........ 13
2.2.1 SpaceSubdvision . . .. ... 14
2211 Octrees. . . . . . . . 15

2.2.1.2 BSPTrees(Binary SpacePartitioning)for simpleobjects . . 16
2213 kdtrees. . . . . ... 17



2.2.1.4 ObsenationsconcerningSpacePartitioning Techniques. . .
2.2.2 BoundingVolumeHierarchiegBV) . . .. ... ... ... ......
2.2.2.1 AABB (Axis AlignedBoundingBoxes) . ... ... .. ..
2.2.2.2 OBB (OrientedBoundingBoxes) . . . . ... ........
2223 Boxtrees. . . ... ... ...
2.2.2.4 Kk-DOPs(DiscreteOrientationPolytopes). . . . . . ... ..
2225 Others. .. .. ... .. .. .

2.3 SUMMANY . . . . o e

Overview of Our Approach

3.1 IdeaBehindOurApproach. . . . . . ... ... .. ... .. ... . .. ...

3.2 ImplementatiorissuesandDecisions. . . . . . . ... .. ... ... ...
3.2.1 LightsandShadevrays . . ... ... ... ... ... ........
3.2.2 Otherrays. . . . . . . o e

3.3 Choiceof BoundingVolumesandHierarchies. . . . . .. ... ... ... ..
3.3.1 BoundingVolumesandProjectedShapes. . . . . ... ... ... ..
3.3.2 IntersectionSchemes. . . . . .. ... ... ... ... ..
3.3.3 Hierarchies. . . . . . .. .. ..

3.4 Algorithm . . . . . . . e

Intersection Cost Analysis
4.1 BoundingVolumesintersectionCost. . . . . .. . ... ... ... ......
4.1.1 Ray-Spherdéntersection . . . ... ... ... ... ... .......
4.1.2 Ray-BoxIntersection. . . . . ... ... ... ... ... .. ...,
4.1.2.1 AxisAlignedBox . ... ... .. ... ... ......
4.2 ProjectionandComparisons. . . . . . . . ..o
421 Circle . . . .

4.2.2 ProjectedAxis AlignedBoundingBox . . .. . ... ... L.

18
19
19
24
25
26
27
27

29
29
32
33
35
35
35
36
37
39



4.2.3 2Daxisalignedbox . ... ... ... ... ... . .

4.3 IntersectionCostSummary. . . . . . . . ...

PreprocessingCost Analysis

5.1 Projection. . . . . . . . e
5.2 Building . . . . . ..
5.3 Performance . . . . . . . .. e
54 Traversing. . . . . o o i e e

55 Summary . . ..

Testingand Results
6.1 ComparisorMetricsUsed . . . . . . ... ... .. ... ... ... .. ...

6.2 TeStSCENEeS. . . . . . . s

6.2.2 Sphereflaks . . . . ... ...
6.2.3 Gears. . . . . ...
6.3 ResultsandObserations . . . . . . ... ... ... ... .
6.3.1 View IndependenHierarchies. . . . . . ... ... ... .......
6.3.2 View DependenHierarchiesuilt on2Dcriteria . . . . . .. ... ..
6.3.3 View DependenHierarchiesuilt on3Dcriteria . . . . ... ... ..
6.3.4 IntersectionSchemesn View DependenHierarchies. . . . . . . . ..
6.3.5 OvwverallTimeComparisons . . . . .. .. .. ... ... ....
6.3.6 OtherObserations. . . . . . ... ... ... .. ... .. ......
6.4 SUMMANY . . . . . .

Conclusions
7.1 SUMMANY . . . o e
7.2 DISCUSSION. . . . . . o o

7.3 FutureWork . . . . . . .

53
53
56
58
59
61

62
62
66
66
67
68
70
70
73
75
76
77
79
89



Bibliography

Vi

97



List of Figures

11
1.2
13
1.4
15
1.6

1.7

2.1
2.2
2.3

2.4
2.5

2.6

Thecourseof alight rayfromtheeyeE([Gla89]) . . . . . .. ... ... ...
Theraytreefor Fig1.1([Gla89]). . . . . . . . . . . . . ... .. . ... ...
ReflectionRays,from[Gla89 . ... ... ... ... .. ... ... .....
TransmittedRays,from[Gla89] . . . ... ... .. ... ... ... .....
Speculareflectionandrefractionanglesfrom|[Gla89] . . . . ... ... ...
Exampleof color bleed. Both the red andblue walls "bleed” their color onto

thewhitewalls, ceilingandfloor. . . . . . ... .. ... ... .........

A simpleraytracer . . . . . . . . ...

SimpleBoundingVolumesfrom[AK89] . ... ... ... ... .. .....
Complex BoundingVolumes from[AK89] . . ... ... ... ... .....
Tradebetweercomplicated/tighboundingvolumesandsimple/looseonesfor
scendn Figure2.4. . . . . . . e
Treescene. . . . . . . . . e
The sphereis our actualobject. The blue box is the 3D boundingbox of the
greensphere(for a particularangleof the camera).The red squareis the 2D
box thatencloseghe 3D boundingvolumeof the sphere.In the tablewe can
seethe numberof raysthat succeededn hitting the 2D and 3D box out of
all theraysin the scene.Thesesuccessfutayswill thenbe testedagainsthe
actualobjectenclosedn thesepresentedoundingvolumes,our sphere.. . . .

Aregulargrid . . . . . L

vii

6

12

13



2.7 Spatialpartitioning.RayR intersectonly A, BandC. . ... ... ...... 15

2.8 Spatialsubdvision usingan octree. (a) subdvision of the scene;(b) subdvi-

sionofavoxel. . . . . . .. 16
2.9 Partitioningofscenebyplanes. . . . . . ... ... ... . L. 17
2.10 TheBSPtreefor Figure2.9. . . . . . . . . . . . 17
2.11 Thisprimitiveis classifiedaspositve . . . . . . . ... ... ... ... ... 21
2.12 (a)axisalignedboundingbox; (b) orientedboundingbox; (c) k-dop(k=8) . . . 26
3.1 A3DSCeNe . . . . .. 30
3.2 Raycastinto thesceng3D approach)for scenan Figure3.1 . ... ... .. 30
3.3 Pointin 2D box check,our 2D approachfor scenan Figure3.1 . . . . . . .. 30
3.4 A simplescenewith 3 objectsandit’sviewingplane. . . . ... ... ... .. 31
3.5 A 3D hierarchyfor thescenan Figure3.4. . ... ... ... ......... 31
3.6 A 2D hierarchypasecon2Dcriteria.. . . . . . . ... ... ... .. ... .. 31
3.7 A 2D hierarchydervedfrom the3D hierachyof Figure3.5.. . . . . . ... .. 31

3.8 Theinner 2D rectanglerepresentshe joining of the 2D boundingboxes,fol-
lowing the 3D joining structure.The outerrectangles whatthe projectionof
theintermediatdevel of the hierarchywould belike. Our 3D hierarchieaus-

ing 2D intersectionsisetheintermediatenodesbasedn joining the 2D boxes

(innerrectangle). . . . . . . . . 33
3.9 InitializationProcedure. . . . . . ... 40
310 RayTraCing . . . . . . o o e e 41
3.11 Building a2D hierarchyusinga 3D view independentne . . . .. ... ... 42
4.1 Rayorigininsideor outsidesphergHai89]) . ... ... ... ... ..... 46
4.2 Raydirectionwith respectospherg[Hai89]) . . . . . ... ... ... .... 46
4.3 Spherdantersection[Hai89]) . . . . . . .. .. ... .. ... 46
4.4 Spherdntersection[Hai89]). . .. . .. ... ... ... .. 48



4.5
4.6

4.7

4.8

5.1

5.2

5.3

6.1
6.2
6.3
6.4
6.5
6.6

Spheregorojectiononviewingplane. . . . . .. ... ... . L. 50
3D Box projectiononviewingplane.. . . . .. ... ... ... ... ... .. 51
Assumethatthe ray directiondefinesthe positive axesz, y, z of theoctant.In
ourexampletheedge<,4,5,6,12, boundthe2D hexagon.Or if welook atthe
—x,y, —z directionsthe BV edgesl,3,7,10,11,%oundthe2D hexagon. . . . . 51
The cost of intersectinga ray with the BoundingVolumesexaminedin this

chapter . . . . . .. e 52

A 3D manin the middle andleft andright its sphereand 3D axis alignedbox
boundingvolumesrespectiely. Fromthe greensectionthatrepresentshe 2D

box surroundinghe projectedversionsof the boundingvolumesit is apparent
thatthe 2D box derivedfrom the spherds lesstight thanthatof the3D box. . . 56
The complity of differenthierarchicaltechniquesandthe effect of building

mary hierarchiedor the projectedapproachesThesetime statisticsaretaken

from the “tree” sceng(Figure6.1) for sizefactors6, 9 and11, whenthe floor
issplit(Section6.3.6). . . . . . . . ... 57
Thesecoststatisticsareagaintaken from the “tree” scendor sizefactors6, 9
and11. It is interestingto note how muchcheaperarethe intersectioncosts

in the caseof the projectedhierarchiescomparedo their view independent

counterpartsin this sceneghefloor is viewed asa setof smallerparts,in order

to avoid ary artifactscausedy the big sizeof thefloorobject. . . . . . . . .. 60
Treescendrom SF1to11 . . . . . . . . . . . 66
Sphereflaksscendromsizelto4 . . . . . . . . . ... ... ... 67
Gearsscendromsizelto4d . . . . . . . .. 68
Timesfor view independenhierarchiedor all scenes. . . . . ... ...... 71

Normalizedray tracingtimesfor view independenhierarchiedor all scenes . 74

Raytracingtimesfor all hierarchiesandscenes. . . . . . ... ... ... .. 75



6.7 A simplecasewherethejoining of two 2D boxesis betterthanprojectingthe

3D boundingvolumederivedfrom thejoining of their 3D counterparts. . . . . 77
6.8 Someof thetimesusingdifferentintersectiorschemes#n projectedhierarchies 78
6.9 Someof thetimesfor all typesof hierarchies . . . . ... ... ... ..... 79
6.10 Someof thetimesfor all typesof hierarchieswith lesslights . . . . . ... .. 80
6.11 Someof the timesfor the original tree, balls and gearsscene. All projected

versionsfollowed by L indicatethat they are renderedso that shadev rays

have knowledgeof theirlight of origin.. . . . . . ... .. .. ... ...... 81

6.12 Avg numberof actualobjectshit by aray for all scenesandhierarchicalalgo-

Athms. . . . . e e 82
6.13 Preprocessingme for all scenesndhierarchicaklgorithms.. . . . . . .. .. 83
6.14 Normalizedpreprocessingme for all scenesndhierarchicaklgorithms. . . . 84

6.15 Traversalcostof intermediatebjects.Projectechierarchiehave considerably
lesstraversalcostthanview dependentnes.. . . . .. .. ... ... ... .. 85
6.16 Normalizedtraversalcostof intermediateobjects. The traversalcostis larger
in smallscenesandis reducedn largerscenes. . . . . . ... ... ...... 86
6.17 Avg costfor intersectingactualobjects. View independenhierarchiesmodel
thescenamoreclosely . . . . .. .. .. ... ... ... 87

6.18 Normalizedavg costfor intersectingactualobjects.Larger scenesostlessin

aperobjectbasis.. . . . . ... 88
6.19 Normalizedray tracingtime for all scenesindhierarchicaklgorithms.. . . . . 89
6.20 Comparingscalingof hierarchicalapproachebeforeandaftersplitting . . . . 90

6.21 Comparingnormalizedscaling of hierarchicalapproachedefore and after

splitting . . . . . . . e 91



Chapter 1

Intr oduction

Oneof the mostversatileimagerenderingtechniquesntroducedin literatureis Ray Tracing.
It is simple, elegantand easilyimplemented. Furthermorejt can model aspectf realistic

photographsuchasreflectionsrefractionsandshadaevsin anintuitive way.

1.1 Ray Tracing, a fast overview

Ray Tracingis a globalillumination renderingmethod.Thetechniqueaddresseseveralcom-
putergraphicsproblems:visibility, clipping, light propagationandshadaevs. In its simplest
form, ray casting,the methodsolvesthe visibility problemby identifying the closestobjectat
eachimagepixel.

In ray castingraysof light aretracedirom theeye, throughtheimageplane ontothescene.
Theseaysaretestedagainsthe objectsin thescenen orderto determingpossiblentersection
pointswith ary objects.If noobjectis hit by theray, the pixel from wheretheray originatedis
attributedthe backgroundcolor. This techniques alsoreferredto asBackward Ray Tracing,
sincelight raysarenotfollowedforward,from thelight sourceto theeye, but backwards,from
the eye to the light source. The color returnedby the ray is setasthe color of the pixel of
origin.

Several issuesinvolving realistic rendering,such as shadaevs, reflection, refraction, are
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dealtwith very simply andeffectively by Ray Tracing.

Eye ray
S, -
Object'3

T Ry
) Ss \\
3>object 6. /Obleci 9
S, , S¢ / \
T Ry

Figurel.1: The courseof alight ray from the Figure 1.2: The ray tree for Fig 1.1
eye E ([Gla89]) ([Gla89])

1.1.1 Shadov Rays

Whenthe color of a point on anobjectneedso be computedt mustbe determinedf alight
sourceaffectsthis surface.Thus,from ary visited surface,shadaev raysaresentto all thelight
sourcesn the scene.If ashadaev ray hits an opaqueobjectbeforereachingthe light source
thenthesurfaceis in shadav with respecto thislight sourcej.e. thislight doesnot contribute
to the color of the surface;on the otherhand,if the shadaev ray reacheshe light sourcethen
this sourcecontributesto the surfacecolor. Thistypeof ray is alsocalledillumination ray.

The above simple checkis only effective whentrying to rendersceneswith point lights,
thatis light sourceghatilluminate in a single direction. For arealights mary shadaev rays

mustbe castfrom thelightsto the object,in orderto accuratelysamplethe arealight.

1.1.2 ReflectionRays

Shiny surfacesactlik e mirrorsandreflectotherobjects.In orderto find thelight thatis reflected
onasurfacein Ray Tracing,areflectionray is shotfrom thereflectve surfacein thedirection

dictatedby thedirectionof theincidentray (eg. theray from thecamera) For perfectreflection
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surfaceghis directionis unique,computedasseenin Figurel.3. To determinehecolor of the
reflectionray, the ray is tracedbackwardsuntil the objectfrom which the light originatedis
found. The color of this objectis the color of the reflectionray andit contributesto the color

of the shiny surface.

Once
reflected

Twice
reflected

B
Reflected
B

Figurel.3: ReflectionRays,from [Gla89]

1.1.3 Refraction Rays

As in reflection,refractionanglesare uniquefor a specificray hitting an object (Figure 1.5)
thusrefractionray casting,asin reflection,providesaway to rendertransparensurfacesthat
transmitlight (medium)(Figure1.4). By following the transmittedray backwardsthe color of

theray canbedetermined.

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

1.1.4.1 Aliasing

TheRayTracingrenderingalgorithmsuffersfrom someinherentdravbacks.Firstof all, since
RayTracingis apointsamplingalgorithmaliasingproblemscanoccut whichis to beexpected,
sinceit representsontinuougpphenomenasingdiscreteepresentationsSeveralmethodshave
beenproposedin orderto addresshe aliasing effect. The simplestone is supersampling.
Accordingto it, for every pixel, severalraysshouldbe castandtheir averagecolor will provide
thefinal color for the pixel. This techniquedoesnot really eliminatethe aliasingproblem,it
reducest. Needlesgo sayit canbealsovery expensve.

A morerefinedmethodis adaptie supersamplingwWhi80]. Accordingit, for every pixel
5 raysare shot (4 from the cornersand onein the middle of the pixel). If theserayshave
approximatelythe samecolor, thenthe color of the pixel is theaverageof the 5 rays’ colors. If
oneof therayshasadifferentcolor, thenthepixelis viewedas4 segmentsgachonesampledas
apixel (5 rays). This methodis moreefficient thansimplesupersamplingneverthelesst still
doesnt addresghe problemfully, since5 similar coloredraysdo not guaranteehatno small
objectexistsin the pixel in oneof the smallerareas.Moreover, the grids visited areregular.
Stochasticr distributedray tracing[DW85] abandonghe ideaof a regular grid andinstead
sampleseachpixel by a numberof uniformly distributed rays, thus addressinghe aliasing
problemthat comesfrom regular grids (jaggies,poppingedges).Neverthelesghis approach
introducesoiseinto thepicture, becausevery pixel is anaverageof anumberof randonrays.
Finally, statisticalsupersamplinf. RU85] usesstatisticalmethodgo determinehe numberof

raysthatshouldbe sentthrougheachpixel, in orderto achiase adesirederrortolerance.

1.1.4.2 Specularinteractions

Anotherlimitation of ray tracingis thatit considergotally specularinteractionswith either

perfectlyreflectedor refractedrays(Figurel1.5).
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Air

incidentray
Reflected ray

I
R
T = Transmitted ray
N = Surface normal

Figurel.5: Speculareflectionandrefractionanglesfrom [Gla89]

Thusraytracedsceneslon'’t easilyshav color bleeding(whereabrightly coloredsurfaces
colorwill "bleed” onto adjacenssurfaces)asseenin Figurel.6' Neverthelessdiffusereflec-
tions canbe accomplishedy combiningray tracingwith anotheright simulationapproach,

radiosity

1Thecolor bleeding”’imagewasmodeledoy StepherSpenceusingin-housemodelingandanimationsoft-
wareandrenderedvith the RADIANCE globalillumination package Copyright 1992, ACCAD, The Ohio State
University.
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Figure1.6: Exampleof color bleed. Both the red andblue walls "bleed” their color onto the

white walls, ceiling andfloor.

1.1.4.3 Efficiency

Finally, thebiggestandmostdifficult to addresgproblemof ray tracingis its time cost.

Assumethatthecameraor eyeis placedin world coordinatest positionE. Thenthe pseu-

docodeof asimpleray traceris roughlyasshown in Figurel.7.

Soassumingve have n objectsandan (v x v) resolutionimage,thenthe time compleity
of theapproachs O(n x (u x v)). As this formulashaws, this algorithmis very inefficient. It
becomesvenworseif onethinksthatthisis only thevisibility partof thealgorithm,aswell as
the factthatthetestfor ray-objectintersectioncanbe extremelyhigh (especiallyfor complex

objects).
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FOR each scanline in inmage

{
FOR each pixel in scanline
{
determine ray fromE through pixel;
FOR each object in scene
{
IF object is intersected and the cl osest consid-
ered
store intersection and object nane;
}
set pixel color to that of closest object intersec-
tion;
}
}

Figurel.7: A simpleraytracer

1.2 Motivation

The time complity of the Ray Tracingrenderingmethoddependson several factors. The
most computationallyexpensve componenis the calculationof ray-objectintersectionsso
thenumberof raysthatarecastandfail to hit objectsmustbe minimized.

As we mentionedbeforethe costof thesimpleray traceris
CRT =n X (U X ’U) X COBJ_INT (11)

Several solutionshave beenproposedver the yearsfor improving thetime requirements.

All of themaim at reducingthe numberof objectstestedfor intersectionsincethe Copy_rnr



CHAPTER 1. INTRODUCTION 8

in Equationl.lis sohigh. Thusseveralstructureghatidentify candidategor testingareused.
Thesestructuredry to modelascloseaspossiblethe distribution of objectsin the sceneand
have a creationcostCzyr1,p(n), Which dependsstrongly on the numbern of objectsin the
scene;testinga ray againstthemshouldbe cheapeithanagainstan object. The costfor ray
tracinga scenewith a structurefor identifying candidatess givenby Equationl.2. We denote
by 7 the numberof raysthathit the structureandby 7,755 = (u X v) — 7y thosethat

fail to hit it, with a smallintersectiorcostC;;ss.

Crr = Caurrp(n) + rurss X Cuiss + rarr X Crraverse (1.2)

ThecostCrraverse Of traversingthe structure aswell asthe numberof raysmissingand
hitting the objectsof thescenedepend®nhow accuratehthehierarchicaktructurerepresents
thespatialdistribution of therealscene Moreover, theCrr av £ rsr COStandthecostof missing
Curss the hierarchyis affectedby how cheapit is to testraysagainstthe structure. In the
traversalcostis containedhe costrpo 155 X Co_mrss Of raysthathit the structureandfail
to hit an object,aswell asthe costof intersectinghe rsy;¢ successfutaysthathit anobject.
Thenumberof suchobjects,perray, is farlessthann, asthe structurereduceghe numberof

potentialcandidategor testing.

In our work we will attemptto furtherreducethe costCy,rss andCrraverse, thatis the
calculationcostof rayshitting the structure Furthermorewe will researctandteststructures,

in orderto find which oneworksbestwith our accelerationiechnique.

Although therehasbeena rapid improvementof hardware, ray tracing performancestill
hasnt speedup enoughenoughto cover the needsof animatorsand designers. Moreover
peoplearealwaysmakingcomplicatedandexpensve scenesso even more speeds 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

Theuniqueaspect®f thework presentedh thisthesisare:
1. 2-dimensionapre-projectiorof boundingvolumes.
2. Hierarchybasedn the 2-dimensionaboundingvolumes.
3. Introductionof a nearest-neighbdrasedbottomup hierarchy
4. Comparatre studyof ray tracingboundingvolumehierarchyaccelerationiechniques.

In brief we argue that the intersectioncalculationsbetweenrays and projectedbounding
boxes can accelerateéhe traversalof a hierarchy We comparethe resultsfor several types
of hierarchiesand prove that the hierarchyselectvity greatly affectsthe performanceof ray
tracing.Finally, we shaw thatthe dominantcostof ray tracingis thatof theintersectiorcalcu-

lationsattheleavesof a hierarchy(actualobjects)andthusthatthe hierarchyquality matters.

1.4 ThesisOrganization

Our thesisis organizedas follows: After having introducedthe basic conceptsof ray trac-
ing and having briefly outlinedour work in this chaptey we will proceedin presentingvork
donesofarin thefield of acceleratingay tracingusingtechniquesimilarto oursin “Previous
Work” (Chapter2). We will thengive a detaileddescriptionof ourideasandsomeimplemen-
tation detailsin the “Overvienv of Our Approach” (Chapter3). The following two chapters
(Chapter4 and5) describein detail the relationbetweerboundingvolumesusedin literature
andray intersectiorcost,andattributesof the hierarchicalstructuresisedto testour approach
respectrely. Chapter6, apartfrom describingour testingstratgiesandmetrics,includesade-
tailed analysisof the resultsof our testing. Finally, we summarizeour work andobsenations

in the“Conclusion”of thethesis(Chapter7).



Chapter 2

Previous Work

A lot of work hasbeenputinto acceleratinghe Ray Tracingengine mainly becausé¢heresults
of the methodareof suchhigh quality. In [AK89] thetechniquedor acceleratingRray Tracing
arebasicallydividedin threecateyories. We will adoptthis classificationfor our purposef
presentingpreviouswork onthefield.

As statedin [AK89], acceleratiormethodsaim eitherat reducingthe costof intersecting
rays,reducingthenumberof raysintersectingheervironment,generalizingheraysasentities,
or acombinationof theabove.

In ourwork we focuson fasterintersectionwith theernvironment.Sowe will presenhere
work doneover the yearsdealingeitherwith improving the time compleity of intersectinga

ray with anobjector with reducingthe numberof raysthatneedto betestedfor intersections.

2.1 Faster Ray-Object Intersections

Most of the objectsrepresentedh renderedmagesand animationare quite complex. That
directly translatesnto expensveray-objectintersectiorcomputationsTo go aroundthis prob-
lemtheideaof aboundingvolumewasintroducedWhi80].

A boundingvolumeis a 3D objectthat containsthe original objectandis generallyeasier

to intersectwith thanthe original object. Giventhat,aray is first testedagainstthe bounding

10
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volumeandonly if thistestis successfuis testedagainsthe actualcontainedbject.

Thereis a trade-of thoughbetweenthe simplicity of the boundingvolume (cheapinter-
sectioncomputation)and the tightnessof the boundingvolume (minimizing the numberof
raysthathit the boundingvolumebut not the containedobject). This trade-of is expressedn
Equation2.1by [WHG84], wherer, is thenumberof raystestedon aboundingvolume, B the
costof atestagainstheboundingvolume,r, is the numberof successfuhits on the bounding

volumeand! the costfor testingagainstheactualobject.

Cost = rpxB+r,x1 (2.1)

Examplesof “cheap” boundingvolumes(Figure 2.1) are spheres,axis-alignedor non-
alignedboxesandcylinders. More sophisticatedtighter), andthusmoreexpensve, bounding
volumesincludeintersectionor unionsof morethanoneboundingvolumesor otherclosely

fit corvex volumes(Figure2.2).

{a) (b}

Figure2.1: SimpleBoundingVolumes from [AK89]

{a)

Figure2.2: Complex BoundingVolumes from [AK89]
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Thetrade-of expressedn Equation2.1is apparentn theresultsof our work. We chosea
sceneof the onestestedat Chapter6, the “tree” sceneof size11 anda hierarchicalalgorithm
usedtheR-tree,whichwe will describen detailin Paragrapt2.2.2.1.3.

As seenin Chapterd the costof intersectinghe proposedD projectedooundingboxis 4
floatingpointoperationgFLOPS),while thatof anordinaryaxisaligned3D boxis on average
27 FLOPS.However, aswe will discusdateron, 2D projectedboxestendto be considerably
lesstight than3D boxes. In Figure2.3we canseehow thesimplicity of intersectingabounding
volume B affectsthe numberof raysr, thatsucceedn hitting the boundingvolumeandmust

betestedon the simpleobject. Theseresultscorrespondo the scenan Figure2.4.

IntersectionCostB | Average# Raysr,

2D BoundingBox 4.0 513.1

3D BoundingBox 27.4 81.6

Figure 2.3: Trade betweencomplicated/tightboundingvolumesand simple/looseonesfor

scendn Figure2.4.

Figure2.4: Treescene

We mustnote herethat the big differencebetweenthe two typesof boundingbox in the
averagenumberof raysthatentertheboundingboxr,, in Figure2.3,arisesn partbecause¢he
boundingboxesarearrangecdierarchically Sotheloosenessf the 2D boundingboxesleads

to moreunsuccessfybrobesdown thetree(for examplethroughtheintermediatdevelsof the



CHAPTER 2. PREVIOUS WORK 13

R-tree,asseenn Paragrapt2.2.2.1.3).
A moreillustrative exampleis that of Figure2.5. The comparedightnessof the 2D and
3D boundingbox is more obvious, sinceno hierarchicalstructuresare usedto enhancethe

performancef ray tracing.

IntersectionCostB | Average# Raysr,

2D BoundingBox 4.0 676500ut of 307200
3D BoundingBox 27.4 415960utof 307200

Figure2.5: The spherds our actualobject. The blue box is the 3D boundingbox of thegreen
sphergfor aparticularangleof the camera).Theredsquards the 2D box thatencloseshe3D
boundingvolume of the sphere.In the tablewe canseethe numberof raysthatsucceedeth
hitting the 2D and3D box out of all the raysin the scene.Thesesuccessfutayswill thenbe

testedagainsthe actualobjectenclosedn thesepresentedoundingvolumes,our sphere.

2.2 FewerRay-Obiject Intersections

The mostcommontechniquesusedfor reducingthe numberof raysthat are shotin a scene
are SpaceSubdvision techniquesand ObjectHierarchies.The basicdistinctionamongthem
is that SpaceSubdvision manipulateshe 3D spacebasedn theobjectsin thescenewhereas

ObjectHierarchieggroupobjectsbasedon their positionin the 3D space.
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2.2.1 SpaceSubdivision

3D spatialsubdvisiontechniquesreusedin orderto narrov down the numberof objectsthat
aremostlikely to be hit by aray. Accordingto this setof algorithms,spaceis dividedin a
top down fashioninto smallerpieces.Originally, theseextends(pieces)of the scenewere of
equalsize,generatingaregulargrid (Figure2.6'). A commonnotionin all spatialsubdvision
techniqueis the voxel A voxel is the smallestaxis aligned3D unit that can be createdby
partitioningspace Basicallyit is the 3D equialentof a pixel. Eachvoxel is associateavith a

list of objectsfrom the scenehatarecontainedpartially or wholly) in it.

Figure2.6: A regulargrid

Traversinga 3D grid, in the orderthe partitionsarehit by aray, is alsoreferredto aswalk-
ing. A ray walking througha 3D grid needsonly to be intersectedvith the objectscontained
in that grid (all of them, so that the closestintersectionpoint can be found). Furthermore,
sincethe grids thatthe ray crossesarevisited in ordet if a grid is determinedo containan
intersectiomo further calculationsareneededor the specificray (Figure2.7). Nevertheless,
uniform 3D grid structuresarevery inefficient, bothin termsof spacgmayhave a big number

of emptyvoxels) andtime (traversingemptyvoxels). Theseshortcomingsare addressedby

Yimagefrom [FYDFH97
2lmagefrom [FVDFH97]
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severaladaptve subdvisiontechniques.

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

2.2.1.1 Octrees

An octree,asusedin [Gla84], is a datastructurecontaininga collectionof voxels. It is gen-
eratedby recursvely subdviding the rectangulai3D spacento decreasingolumes(voxels),
until eachvoxel containdessobjectsthana predefinechumber Thetechniquds dynamic,i.e.
emptyvoxelsdo not needto be subdvided,oftenresultingin big emptyregions.If partof the
surfaceof anobjectpasseshroughavoxel it is associatedavith the voxel andis storedinto a
list.

The acceleratiornof ray tracing using sucha structureis basedon the fact that we can
follow a ray throughthe compartmentgvoxels) thatit traversesandtestit againstonly the
objectsin thatvoxel. Theabove advantages lostif theoverheadf moving from compartment
to compartmenis big andthisis whatthe datastructureof the voxelstriesto address.

In theoctree ateachstep,thenon-emptywoxelsaresubdvidedinto 8 equalchildren,using
aspartitioningplaneshe 3 coordinateaxisalignedplaneshatgo throughthemidpointof each

oneof the axesinsidethe voxel volume (Figure 2.8(a)). These8 childrenarelabeledby the
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numbercharacterizingheir fatherandanextradigit from 1 to 8. They arethenassociatevith
thelist of objectsthatthey contain. The voxels arestoredandretrieved usinga hashtableon
theirnames By avoiding explicit child pointers this reduceshe storagecost(Figure2.8(b)3).

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

voxel, makinga smalladjustmento make surethatthe pointlies insideanadjacentoxel.

e — R L S £

5 6
B 5
1 p : , 1 2
3 4 3 4
(a)
45
46

41 42
43 | 44

(b)

Figure2.8: Spatialsubdvision usinganoctree.(a) subdvision of the scene{b) subdvision of

avoxel

2.2.1.2 BSPTrees(Binary SpacePartitioning) for simple objects

BSPtreeshave beenmostly usedin visibility testingof scenesontainingpolygons.in aBSP
tree,a polygonfrom the scends chosenasthe treeroot andall the otherpolygonsareeither
addedo theleft child node(if they arein front of therootpolygon),or to theright child (if they
areatthebackof theroot), or to bothif therootintersectshe particularpolygon(Figures2.10,

2.9). Thesplitting is propagatedintil only onepolygon(or afragmentof a polygon)is in each

leaf.

Simagefrom [Gla84]
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Figure2.9: Partitioningof sceneby planes Figure2.10: The BSPtreefor Figure2.9

2.2.1.3 k-dtrees

A variationof BSPtreesis usedby [Kap85] to accommodatall objects(not only polygons)
andto accelerataay tracing. The splitting planesof the sceneare now axis aligned(in the
original BSPstructureary orientationis possible)n orderto speedup splitting. This variation,
alsoknown ask-dtrees s quitesimilarin thesubdvisionprocesgo octrees.Threeaxisaligned
planessplit the scendnto eightequalvoxels. Eachobjectis testedagainstevery voxel andif it
isinsidethevoxel the objectis addedo thevoxel'slist of objects.Voxelswith abig numberof
objectsarefurther subdvided usingthe sameprocess Empty voxelsremainasthey are,thus
the structureadaptgo the specificscene.Althoughthe subdvision processs quite similar to
thatof the octree the datastructures quite different.

Eachtime a split accordingto a planeis performedwo new voxelsarecreatedaschildren
of theoriginal voxel. The planeandtheaxis(orientationof the partitioningplane)arestoredin
theroot. Voxelsareassigned list of objectsthatareintersectedy the surfaceof thatvoxel.

Theray-objectintersectiorproceduras atraversalof theresultingbinarytree,from rootto
avoxel thatcontainsobjectsintersectingheray. If no objectsintersecttheray in avoxel, the
next voxel is calculatedasin the octree,andthe new insertionpoint at the voxel is placedas
thenew beginningof theray attheroot.

The main differencebetweena k-d treeanda BSP one,asintroducedin [Kap84, is that
the partitioning planesare defineddifferently In k-d treesan axis alignedplaneis fit for a

partitioningplaneat eachlevel of thetree,if it dividesthe objectsinto almostequalnumbers
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and“cuts” (intersectsphsfew objectsaspossible.In otherwordsthe partitioningplanesin k-d
treesareflexible in termsof positionandchoiceof partitioningdimension. The subdviding
procedurestopswhenonebranchof thetreegetsexactly oneobjectcompletelyon onesideof
thepartitioningplane.If this nodeis significantlybiggerthantheboundingbox of theincluded

object,thentheboundingbox is storedatthenode.

2.2.1.4 Obserations conceming SpacePartitioning Techniques

The k-d tree structureadaptsto objectsmorethanthe BSP Treeandthe octreeandresultsin
morebalancedreesthanBSPTrees sincek-d treescannothave distinctvoxelsof largeempty
sections.Sothetraversalof the balanced-d treeis fastey but on the otherhandthereis aloss
in the intersectionefficiengy, sincein both BSP Treesand octreestheremay be large empty
sectionghatarediscardedast[SF9Q.

As farasoctreesareconcernedtheworstcasefor storagespaces O(n?) andtheconstruc-
tion time O(n?), wheren is the numberof objectsin the scene.On the otherhandthe worst
caseconstructiortime for BSPandk-d treesis O(n log n) andstoragespace?(n)). The av-
eragecaseall theabove compleitiesis very muchdependenon thedistribution of the objects
in the scenebut in all casest is closeto O(nlogn) for constructionand O(n) for storage
[Hav00], [dBvKOS98],[LG98].

Theabove methodthatis spacebasedoctree)is quiteinefficientin termsof spaceequire-
ments,sincethe storageof objectinformationis not linear in n(the very worst casethat can
ariseis O(n?)), wheren is thenumberof objects.Thiswill occurin thecasewhereeveryobject
is intersectedy a partitioningplaneor is includedin morethanonevoxel). Ontheotherhand
for the objectbasedapproach(k-d tree)this storagecompleity is considerablyess,indicating
thatobjectorientedtechniqueseducespacerequirements.

Furthermorethefactthateachobjectcanbe storedin severalnodesof a structurerenders
theapproachestaticor difficult to update.If for instanceanobjectwasto changeplacein the

sceneevery voxel linkedto this objectwould have to be updatedandthe voxel would have to
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betestedagainagainstall voxelsof the structure.Furthermorethe structurewould have to be
reviewedagainin orderto join possiblenew adjacenemptyvoxelsor to subdvide voxelsthat
arenolongerempty

Theseparticularissuesof spacerequirementandupdatingdifficulties are bestaddressed
with boundingvolume (object) hierarchieswhich focuson partitioningthe setof objectsin-
steadof spaceandmorespecificallywith adaptve hierarchieghatcanaccommodatehanges
in the scenewithout having upgradingexcessve cost. This is why in our work we will focus

onthespecialcharacteristicandtraits of boundingvolume(object)hierarchies.

2.2.2 Bounding Volume Hierar chies(BV)

Thenotion of hierarchicaboundingvolumeswasoriginally mentionedn [RW80]. A number
of objectboundingvolumescanbe containedn a parentboundingvolume Raysthatdo not
intersectthe parentdo not have to be testedagainstthe enclosedoundingvolumes.Thusthe
numberof rays shotcanbe greatlyreduced by introducinga small overheadof testingthe
parentvolume. Thistechniqueappliedrecursvely providesa BoundingVolumeHierarchy
We will provide herean overview of suchhierarchicalalgorithms,organizedby the type
of BoundingVolumeusedasthelowestlevelsof theresultinghierarchy(boundingvolumesof

simpleobjects)aswell asintermediategarentvolumes.

2.2.2.1 AABB (Axis Aligned Bounding Boxes)

One of the mostcommontypesof boundingvolumesfor simple objectsare 3D boxeswith
edgesalignedto the scenescoordinatesystem. Someof the proposedhierarchiesfor such

boundingvolumesarepresentedhere.

2.2.2.1.1 Bounding volume hierarchies In [GS87]anautomaticprocedurdor generating
objecthierarchiesvasproposedandfor thefirst time the notionof the probabilityaray will hit

aninnervolumewasused.In [GS87],the proposedorocedurdor constructingthe hierarchy
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treeis incremental As eachobjectof the scends consideredthealgorithmmustdecidewhich
positionin thetreeis moreappropriatdor insertingthe new object. In orderto decidefor the
bestposition,the authorsintroducea costfunction, definedasthe areaby which a bounding
sub-treewould beincreasedyerethe new objectplacedatits root. The bestpositionto insert
the new objectis the oneyielding the minimum cost. Thetime consumedor the insertionof
eachobjectis thuslogarithmic.

More specificallytherearethreepossibilitiesfor addinga new object.

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

object.
2. Createanew root by simply addingthe new objectasanew child node.

3. Finally, the new objectcanbe addedas a descendangnot only child) of the root. In
this case,somechild hasto be chosenin orderto accommodatehe newv object most

efficiently.

In orderto testthe quality of the createdtree hierarchiesthe authorscomparedhe ex-
pectednumberof boundingvolumeintersectionsvith the onesthatactuallytook place. The
comparisonglemonstratehatthe actualnumberof intersectionss very closeto the expected
oneswhile thetime for renderinghescenas reasonablyessthanthatof boundinghierarchies

constructedy otherautomategrocedures.

2.2.2.1.2 Top Down Median Cuts Since[GS87]sereralideashave beenexpressedoward
new waysto improve boundingvolume hierarchies.Although mostof theseideaswere pro-
posedo addres®bjectcollisionissuessomecanbe extendedo ray tracing.
Onesuchtechnique usingaxis alignedboundingboxes, is thatproposedn [Ber97]. Ac-
cordingto this approacha binary boundingvolumetreeis built. For eachnode,startingwith
theroot nodethatcontainsall the primitives,thelongestaxis of the boundingvolumeis found

andthepartitioningplanewill bechoserorthogonato it. Thisis atop down approachbput not
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anincrementalone asthatof [GS87]. It yields cube-like nodes,which is a goodfeaturefor
collision detection but doesnt provide ary additionalbenefitsto ray tracing. A § coordinate
is choseron the longestaxis, asthe point wherethe partitioningwill occur Accordingto the
experimentakesultsof the paperthe medianof the AABB is thebestchoice.Soall primitives
in the AABB are characterizeds eitherpositive or negative with respectto the partitioning
plane.If theprojectionof aprimitive’smidpointontheaxisis greateithand thenthe primitive
is labeledaspositive; negative otherwise(Figure2.11%). If it sohappenghatall primitivesin
anodeareclassifiedasnegative or positive, thenthe setof primitivesin the nodeis split into

two setsof almostequalsizeandthe procedurecontinues.

min o mid max

Figure2.11: This primitiveis classifiedaspositive

2.2.2.1.3 R-tree TheR-treg[Gut84]is astructurgor handlingmultidimensionapointdata,
thatwasadoptedoby the computergraphicssociety An R-treeis a heightbalancedreewith its
leaf nodescontainingpointersto data-pointsandits nodescorrespondingo disk pages.This
structureis dynamicanddesignedn away thatspatialsearchrequiresvisiting few nodes.
Eachdata-pointis determinedy ann-dimensionakectanglethatsurroundst completely

(tight boundingbox). Having M asthe maximumnumberof entriesin a nodeand M /2 the

4imagefrom [Ber97]
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minimum, an R-treehasthe following properties:firstly, every non-leafnodeis the smallest
rectanglethat spatially containsthe rectanglef the childrennodes,secondly the root node
hasat leasttwo children(unlessit is a leaf), andfinally, all leavesappeatin the samelevel in

thetree.

Whenconstructinghe R-tree,a nodeis foundto insertentry E, in suchaway asto mini-
mize the enlagementof the nodein which the entryis inserted.If thereis atie the nodewith
theresultingsmallestareais chosen After determiningthe nodein which E is to beinserted,
if thisnodehasno room,it mustbe split andthe treemustbe readjustedvhererequired.The
split of an overfull nodecanbe donein threedifferentways: firstly, exhaustvely, by find-
ing all possiblesplits andchoosingthe minimum areasplits. It yields the bestresult,but has
O(2M~1) compleity. Secondlythe split canbe donewith a quadraticalgorithmin M. This
split chooseghetwo entriesthat,if joinedwould cover the maximumareaandputstheminto
differentgroups.Therestareassignedo thetwo new groups.This split providesasmallarea
split, but doesnot guaranteghe bestsplit. Finally, a linear split algorithmcanbe used. Two
entriesareagainchosenthe onewith the highestlow side (of the boundingbox) andthe one
with the lowesthigh side,resultingin the extremerectanglan all dimensionsTheentriesare
normalizedby dividing their dimensionshy the extremerespectre dimension. Thenthe pair
with the greateshormalizedseparatioralongary dimensionis chosento form the two new

groups.Theremainingentitiesareassigneaimilarly to oneof thesegroups.

In the testingwe will provide, we will experimentwith the linear split usedin the R-tree,

in orderto achieve fasterconstructiortime.

Whendeletinganobject,theentryis locatedandis removedfrom the nodeit wasin; then,
if that nodehasfewer nodesthanit should,we eliminatethe nodeandreallocateits entries;

finally, thechangesrepropagatedip thetree.

This adaptve techniqueof building index treescanbe modifiedin orderto produceobject
hierarchiedor ray tracing. The notion of boundingbox usedin this paperis equvalentto the

notion of boundingvolumein objecthierarchies.Both boundingboxes denotea upperand
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lower valueof anattribute (x,y,z coordinatesacrossanaxis (dimension) Moreover, traversing

thetreedirectly translatesnto castingraysandtraversingobjecthierarchies.

2.2.2.1.4 R*tree Severalvariationof the R-treehave appearedn literature. One of the
mostinterestingis the R*-tree variation[BKSS90], createdn orderto addresseveral of the
drawbacksof R-trees.

The R*-tree basicallyfollows the organizationof an R-treein all aspectdut three. The
first thing thatdifferentiateshe R*-treeis thealgorithmfor choosinga subtredor insertingan
entry. Hereanadditionalcheckis introduced.If the nodewe arevisiting is onelevel from the
leaves,thenwe chosethe entry that needsthe leastoverlapenlagementin orderfor the new
entryto fit. This methodis quadraticin termsof the numberof elementsn a node,but the
authorsproposeto only checka subsebf the elementsthelargestentries for overlapping.

Furthermore all entriesare sortedin every axis by the lower and uppervalue of their
rectanglegO(n log n) time) andwhena split is neededhe axisis chosemotonly by thearea
increasdasin R-tree),but alsoby themaigin increasgsumof lengthof sides)andthe overlap
increase Thesechoicesaswell asthe choiceof subtreeprovide atreewith lessoverlapping,
andthussmalleraveragetraversalpaths.

Finally, in orderto addresghe non-deterministimatureof the incrementalR-tree(asfar
asorderof inputsis concerned)ywhena split is neededn a node,a numberof the entriesof
the node(larger ones)arereinserted.This procedureyields a bettertreein performanceand
quality, but canresultin high complexity in thecreation(worstcasecloseto n?). Nevertheless,
this is an optional part of the R*-tree implementatiorand we chosenot to includeit in our

testing.

2.2.2.1.5 Commentson Axis Aligned Bounding Volume hierarchies TheTopDown Me-
dianCutsapproachalthoughfitting for collision detectiorbecausdt is fairly easyto refinethe
hierarchy doesnot seemappropriateor ray tracing. The factthatthe medianof a dimension

is usedcanresultin more objectsat one side of the tree. This will resultin highly unbal-
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ancedanddeeptreeswhichtranslatesnto multiple ray casts.A goodsolutioninsteadof using
the medianfor partitioning, is to usethe point wherethe areaof the objects(not the scene
area)is balancedThis approachs usedin Top-Daowvn Binary Axis Partitioningasdescribedn
2.2.2.1.2 Neverthelessthe above techniquecanbe problematian scenesvherethe midpoint
of aboundingvolumeis not characteristiof the object’s shape Finally, it is not easilyadapt-
able. In otherwordsthe hierarchycannotbe reusedandupdatedvhenanobjectmovesin the
scene.

The R-treeandR*-tree adaptve indexing methodsarequite fast(O(n log n) averagecre-
ationcompleity), but do notyield optimalresults.The structureof theresultingtreesgreatly
dependson the orderin which the elementsvereinserted,andthereis a chancethatthe re-
sulting treeswill be poorin quality andin performancgO(n?)), if no re-insertionis used.
Furthermore the “empty” areain a node (areathat no child node covers)is not taken into
considerationlIn the caseof the R-tree,the overlapbetweenparentnodesleadsto treeswith
increasechumberof pathsto betraverseda situationdealtwith in the R*-trees. Thefactthat
the R-treevariantshave insertionanddeletionalgorithmsmakesthemeasily adaptablevhen

thescenadisplaysrelatively smallchanges.

2.2.2.2 OBB (Oriented Bounding Boxes)

Apart from AABB, hierarchiesof OBB’s have beenstudiedbecausehey fit the sceneprimi-
tivestighterthanAABB, resultingin asmallemumberof lostraysr, thathaveto beintersected
with theactualobjectin the costequationEquation2.1. OBB’s,asmentionedn [AK89], have
beenusedfor yearsfor acceleratingay tracing. Neverthelesswhenit comesto automatic
boundingvolumehierarchygeneratiorseveral problemsarise,namelyhow to computea tight
OBB andhow fastcanaray intersectiorbe calculated.

Several hierarchymodelshad beenproposed put noneof themwaorks well for large un-
structuredscenesuntil [GLM96]. Thistechniquewhich constructsa hierarchyknown asthe

OBB-Tree, aimedat solving collision detectionissues. The choiceof OBB’s for a polygon
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primitive accordingto otherapproachebasasfollows. All polygonsaretriangulatedandthe
meanand covariancematrix of the vertex coordinatesare computed.The eigervectorsof the
covariancematrix are mutually orthogonaland after being normalizedcan be usedas basis
vectorsto boundthe externalvertices. The paperalsoproposeghe useof corvex hulls of the
primitivesinsteadof the triangulation. So the meanandthe covariancecomesfrom sampling
uniformly the corvex hull (the denserthe samplethe tighter the fit). We mentionherethat
non-polygonabbjectsarenot addressetly thetechnique.

As farasthehierarchyis concernedthe methodadoptsa top-dovn approactthatresultsin
abinarytree.A split of aOBB is donealongthelongestaxisof theboxwith a planeorthogonal
to it atthe meanpoint, partitioningpolygonsaccordingto which sideof the planetheir center
pointlieson.

In orderto determinaf anaxisseparatef polygons(usedin testsfor collisiondetection)a
theoremis introduced A line L is aseparatingxisof two OBB’sif andonly if the projections
of the boxes’ axis onto L aredisjoint. The theoremalso statesthat 15 axial projectionsare
enoughto determindf two OBB’s collide.

The above approachalthoughintroducedfor collision detection,can be extendedto ray
tracingby viewing aray asanOBB of infinite lengthandzerowidth andheight. Theseparating
axestheoremcanthenbeappliedby calculatingonly 3 of the 15 axes. This method although
it greatlyreducesr,, still introducesa big overheadinto the computationof OBB’s andthe
intersectiontest. Neverthelessthe factthatall polygonsaretriangulatedmakesthe approach
quiteunsuitabledor ray tracing,sincethecreationof thehierarchycanjustaseasilybereplaced

by renderingpolygonsusinghardware.

2.2.2.3 Boxtrees

Anotherapproachs the Boxtree[BCG*96], a bottomup extensionof the R-Trees structures
for nonaxisalignedboundingboxes. Thetechniqueausedin Boxtreefor creatingthenew father

boundingboxis quitesimilarto thatof OBB-Tree,but theresultingboundingboxesarealigned
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only to onevector(correspondingo thelargestor smalleskigervalueof the covariancematrix
of the point coordinates). The othertwo directionsare determinedoy computingthe exact
minimum areaboundingrectangleof the projectionof the points coordinatesonto a plane
orthogonalto the original direction. Apart from boundingvolumesboxes (axis alignedand

orientedones)this methodologyis alsousedby the authorsfor triangularpyramids.

2.2.2.4 k-DOPs (Discrete Orientation Polytopes)

In orderto gainthe mostof fixed orientationboundingboxesaswell asOBB, in [KHM 798],
a hierarchyis introducedusing a k-DOP boundingvolume [KK86]. This type of bounding
volumeis a corvex polytopewith facesdefinedby half-spaceshatcomefrom afixed number
k of orientations. For instanceAABB are 6-dopswith orientationvectorsdictatedby the

coordinateaxes. k-DOPsarecloserto the senseof corvex hulls and OBBS, but at the same

time the intersectiontestsare boundby the numberk andaretestsagainstt fixed directions

iy

(Figure2.125).

B

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

Theauthorgproposdor the £ normalvectorsasetwherethe X,Y,Z coeficientstake onthe
values{—1, 0, 1}, sothatno multiplicationsareneeded.

The tree constructionis a top-davn approachand a numberof techniquedor splitting
arementioned minimum sumof the volumesfor resultingchildren,minimum larger volume
of resultingchildren, axis of larger variance,axis with biggerk-DOP). The focusis mainly

driventowardthe volumeof the children(sinceit is importantfor collision detection).As it is

Simagefrom [KHM +9§]
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mentionedn [KHM 98] in orderto adaptit to ray tracing,surfaceandnot volumeshouldbe

themainconsideration.

2.2.2.5 Others

Finally, thereareseveralpreprocessingnethodghataimat“directing” thecreationof the hier-
archy Onesuchframenork is describedn [TCL99]. Accordingto this guide,a preprocessing
stepis usedin orderto partition the sceneinto disjoint componentghat are a tighter fit for
the primitives. Thesecomponentsvill form thetop levelsof the boundingvolumehierarchy
Then, nearbynodesare paired,in a bottom-uppass,to build a binary tree. The partitioning
stepof theoriginal scengassumedo be composeaf triangles)groupstogethertrianglesthat
sharesides,edgesof thesetrianglesthatonly belongto onetriangleor thattouchtrianglesof
the group,aswell aspointsthatareonly incidentto a trianglein the group. After that, ary

techniquecanbe usedfor therestof the boundingvolumehierarchy

2.3 Summary

In this chaptemwe mentionedhe mostcommontechniquegor reducingboththe costof inter-
sectingraysandthe numberof raysreachinganobject. SinceBoundingVolumeshave proven
to accelerateonsiderablytheintersectiorcalculationsye will definitelymake useof themin
thework to follow.

After having reviewedSpaceSubdvisiontechniquesve have concludedhatasapproaches
they have high storagerequirementsand that the resultingstructuresare not easily reusable
whentheoriginal scends slightly altered.

BoundingVolume Hierarchiesarelessspacedemandingand presentan averagecreation
time closeto that of SpaceSubdvision techniques.Sereral typesof suchhierarchiesexist,
distinguishedoy the criteriafor splitting (or joining) boundingvolumesandby the bounding

volumesthey use. Fromthe examinationof representatiesof thesetechniquest is apparent
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thathierarchiesisingAxis Aligned BoundingVolumesareeasierandcheapeto compute put

arelesstight in representinghescendhanOrientedBoundingBoxesor OrientationPolytopes.



Chapter 3

Overview of Our Approach

3.1 IdeaBehind Our Approach

In orderto helpspeedupraytracing,all theapproachementionedsofaraim eitheratreducing
the numberof raystestedagainstobjectsby using objecthierarchiesor at reducingthe ray
intersectioncostusing boundingvolumes. Neverthelessan intersectiontest, even againsta
boundingvolume,takesup time andcomputationaéffort.

We will examinean entirely new approachn orderto eliminatemostof the costof inter-
sectinga ray with a boundingvolumein objecthierarchiesaddinga small overheadin the

preprocessingteps.Themainideasin this approactareasfollows:

0 Beforerenderingthe sceneall objectboundingvolumesare projectedon the viewing
plane Thusinsteadof testingfor 3D intersectionsbetweenary ray and a bounding
volume, a testof whetherthe ray origin is inside the boundingvolume projectedarea
suffices.In otherwordswe projectthesceneantoits 2D equivalentontotheviewing plane
to eliminate3D calculationson the boundingvolumes. We hopethatthe 2D bounding
box, derivedfrom the 3D one,is fasterin intersectinggevenif it keepslessinformation

aboutthe actualobject.

29
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Figure3.1: A 3D scene

a

Figure 3.2: Ray castinto the scene(3D ap- Figure3.3: Pointin 2D box check,our 2D

proach)for scenan Figure3.1 approachfor scendn Figure3.1

O Furthermorewe createa 2D basedhierarchy, usingthe projectionsdiscusse@bove so
asto further acceleatetheapproad. Thusobjectsaregroupedaccordingio the density
of thesceneaspercevedfrom the viewing plane.Again, sincethe 2D boxesarenot as
tight asthe 3D ones(we usetheword “tight” to indicatethatthey modelthe objectmore
closely),we wantto seeif the gainsof 2D intersectionon traversingthe hierarchycan

compensatéor the“loose” fit.

0 We alsocreateview independenhierarchies,which we projecton theviewing plane In
otherwordswe keepthe structureof theview independenhierarchyto form a projected

one,whereall internalnodesarethe projectedequivalentsof the view independenbne.
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s §

Figure3.4: A simplescenawith 3objectsand  Figure 3.5: A 3D hierarchyfor the scenein

it’ sviewing plane. Figure3.4.

| A

Figure3_6: A 2D hierarchybase(bn 2D cri- Figure3.7: A 2D hierarchyderivedfrom the

B1

teria. 3D hierachyof Figure3.5.

Thuswe gettheinformationof the z — axis (third dimension)aswell asthe benefitsof

the 2D hierarchyintersectiorandtraversal.

O In orderto acquireadetailedpictureof theperformancef theabove hierarchiesye will
try differentintersectiorschemesvhentraversingthe 2D projectionhierarchiesWe will

use2D intersection®nthe boundingboxes,3D, aswell ascombinationof theabove.

O Finally, we will test2D and3D hierarchieswith severalhierarchybuilding algorithms.

We expectthatthe 2D hierarchyintersectiorapproachreducegheweightof ray castingin
thefirst level rays(visibility rays),which in somescenedendto be the vastmajority of rays
shot. Furthermorewe wantto verify if the costof the projectingboundingvolumes,building
the 2D hierarchyandtestingif ray originsareinsidethe projectedareasjs trivial comparedo

thatof ray castinginto a 3D scene.
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We believe thatthe maingainof having a 2D hierarchycomesfrom usinga simplepoint-
in-rectanglecontainmentestson the boundingboxes of the hierarchy ratherthan ray-box
intersectiontests. So it remainsto seeif the gainsof a 2D teston a 2D boundingbox can

compensatéor thefactthatthe2D boundingbox containdessinformationaboutthe 3D object

thana 3D boundingbox.

3.2 Implementation Issuesand Decisions

We will now explore somedetailsconcerningthe architectureof the approach.As we men-
tioned,baseddntheprojectionof theboundingvolumesa hierarchyis built (the caseof the2D
hierarchy). Althoughthe criteriafor building this hierarchyareall calculatedn 2D, we keep
theoriginal 3D boundingvolumes.Soif we wantto animatetheviewing cameraandthescene
remainsstatic,for small anglesthe hierarchydoesnot needto change only the components

shouldbere-projected.

For the3D hierarchythatuses2D traversalmethodswe first build aview independentier-
archyandwe projectevery level of the hierarchyto the viewing plane.To be moreprecisethe
original structureof theview independenkierarchiess presered (ie if two objectsarejoined
in the view independenhierarchythey arealsojoined in the projectedones). Nevertheless,
theintermediatdevels of the hierarchy althoughfollowing the structureof the view indepen-
denthierarchiesareconstructeasedon the 2D boundingvolumesof their children,not on

projectingtheir view independentounterpar{Figure3.8).

The 3D view independenhierarchiegestedfollow the corventionalmethodand areim-

plementedn orderto comparetheir performancewith that of the 2 above forms of projected

hierarchies.
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Figure3.8: Theinner2D rectanglaepresentthejoining of the 2D boundingboxes,following
the 3D joining structure. The outerrectangleis whatthe projectionof the intermediatdevel
of the hierarchywould belik e. Our 3D hierarchiesising2D intersectionsisetheintermediate

nodesbasedn joining the 2D boxes(innerrectangle).

3.2.1 Lights and Shadaw rays

The projectiononto the viewing planeaims at acceleratindirst level rays, thatis visibility
rays. In a similar way we dealwith shadaev rays. We view lights ascamerasanddecideon
planessurroundinghe light for creatinghierarchies.Raysoriginatingfrom lights areviewed
in thesameway asvisibility rays,in orderto maintaina uniformapproacHhor all rays.Shadaev
raystoo mustbe testedto identify the appropriatenierarchy In otherwords,a shadev ray is
first createdfrom a specificlight andthentestedagainstall lights in orderto find the correct
hierarchyto use. This approachcostsO(log!) to choosethe correctlight from which to get
a hierarchy where! the numberof lights, whereasf the shadev ray was only considering
the light hierarchiesof the light it originatedfrom it would costa constanttime. The loga-

rithmic factorabove comesfrom the structurethatthe lights arestoredin. Althoughthis way
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of treatingshadaev hierarchieds redundantjt providesuswith a uniform methodof treating
rays, irrespectve of their origin. As it turnsout (Section6.3), this redundanfrocedureac-
tually degradesthe performanceof our approach. Thus apartfrom the dataconcerningthe
uniform approachwe alsopresensomefrom casesvhereshadaev raysareconsideredo have

“knowledge”of their light origin.

If we aredealingwith pointlights insidethe scenethenwe applyalight cube,thatis we
define6 planescompletelysurroundinghelight. Ontothemwe projectandcreateb projection
hierarchiesWhentheactualray tracingis donethe hierarchythatis closerto the objecttested

is chosen.

If thelight is adirectionallight, or alight outsidethe scenevolumeandfar away, oneplane
is enoughfor creatinga 2D hierarchyfor the ray tracing procedure.The costof building a
hierarchy aswe will demonstratén our experimentsjs extremelycheapcomparedo theray
castingprocedurein small scenes.So the overheadof building hierarchiesor eachlight is
small,but it becomesoticeablylargeasthe numberof lights andobjectsin thescenencrease.
Even small arealights canbe accommodatedtby a single 2D hierarchy(it’s like moving the
cameraa little bit) andreprojectionof the boundingvolumes.Neverthelessif the areaof the
light becomeselatively big, thena singlehierarchywill probablynotbeasefficientasseveral

morespecificones.

Soshadaev raysalsoprofit from usingpoint-in-rectangleontainmentestsandhierarchies
createdspecificallyfor the castinglight, asfar astraversalandintersectioron boundingboxes
is concernedOf courseraysmustfirst betranslatedprojected)o thelight plane(anoperation

thatcostsupto 21 FLOPS,aswe will seein Chapterb).

Giventhatlightsareusuallystaticin ascenethis preprocessingostfor thelight hierarchies
canbecomensignificantwhena sceneis renderedor an animation. On the onehand,if the
camerahangegpositionin thescendhelight hierarchiesemainunafected;ontheotherhand,
if afew objectschangeposition,thenan adaptve light hierarchy(suchasonebuilt usingan

R-treevariant)only needsa smallupdate.
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3.2.2 Other rays

Of coursethe projectionhierarchiesdo not speed-upsecondaryrays, that is reflectionand
refractionrays.In orderto dealwith themin the2D hierarchyapproachwe proposeo alsobuilt
aglobal,view independen8D hierarchy This hierarchyneed=only to be built onceandworks
asall otherview independentierarchiesit aimsatreducingthenumberof objectsasecondary
ray testsfor intersection. So we also get an acceleratiorbenefitfor the secondaryrays by
addinga preprocessingost. This oncebuilt hierarchyis a standardacceleratiortechniquefor
animations.As for the 3D hierarchieghatarelater projectedon theviewing planeandlights,
the 3D elements theoneusedfor secondaryays.

In ananimation theview independenhierarchyjustlik e thelight hierarchiespeedgo be
updatedonly whenan objectmovesthroughthe scene.This 3D hierarchyis usedonly when
objectsin the scenehave specularsurfaces,andasthe numberof specularsurfacesincreases
in a sceneandwith themthe numberof secondaryays,the acceleratiorprovided by the 2D

intersectiommethodologytendsto degrade(althoughprimaryrayswill alwaysbe castfaster).

3.3 Choiceof Bounding Volumesand Hierar chies

We will explain hereour choicesof boundingvolume hierarchieqprojectionandglobal), as
well asboundingboxesandthe projectionshapesve used.Althoughourideais quitegeneral,

we have implementedt usingapproachethatwe believe arequiterepresentatie andefficient.

3.3.1 Bounding Volumesand Projected Shapes

In our choiceof boundingvolumesfor our primitives,we have cometo the conclusionthat
Axis Aligned Bounding Boxes (AABB) bestsene our purposespecauseof the following

properties:

e AABB arefasterandsimplerto intersectwith raysthanOrientedBoundingBoxes (for
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all comparisonseeChapterd).

e Althoughthey aremoreexpensveto intersecthansphereshey areeasieto join or split.

Assumewo spherespnewith centerS,.; andradiusS;; andtheotherwith centerS,, and
radiussS,». In orderto join theminto oneboundingspherewe have to first calculatethe
distancebetweertheir centerganoperationrequiringa squareroot evaluation,which is
costly)in orderto calculatethediameterf thenew sphere(dist(S.1 + Se2) + Sr1 + Spa)

andthe centerof the new sphere.

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

valuesof thetwo boxes’ vertices.

Given the fact that we will not be performingthe ray-boundingvolumetestsin our 2D
hierarchy we do not seekboundingvolumeswith cheapray-BV tests(suchasspheres)ut
ratherboundingvolumesthatmay be meigedcheaply(thusacceleratinghe generatiorof the
3D hierarchybasedn the 2D joining).

As we will seein Chapterd spheregrojectto circlesand boundingboxesto hexagons
(in the generalcase).For boththese2D shapeghe costof testingif a pointis inside (the ray
origin) is somavhathigh (therearesquareroot usedfor the testson the circle andin-polygon
testsfor the hexagon). This is why we proposethe useof a 2D box enclosingthe projection
of a boundingvolume. This box is alignedto the viewing plane,thusthe inside calculation
is simply a matterof comparing2D coordinates.Neverthelessthis 2D box is lessaccurate
thanthe actualprojection,but given the fact that the testingis so cheap,we will heretry to
determingf it is affordable.Besidessomeof the hierarchiedasedon the 2D projectionthat

we will betesting,requireaxisaligned(in 2D) boundingboxes.

3.3.2 Intersection Schemes

As we mentionedwhenbriefly describingour work, we will useseveralintersectionrschemes

for traversalin our 2D hierarchies:
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2D intersectiontraversal: A simplepointcontainmenin polygontest.Everyrayis projected
on the planeof interest(unlessit is a visibility ray, so the startingpoint of the ray is
sufficient) and thantestedagainstthe 2D boundingbox at the root of the hierarchy(a
simplein-polygontest).If thetestis true,thentheray is testedagainsthe 2D bounding

boxesof thechildren.

3D intersectiontraversal: The normal3D intersectionagainsta 3D boundingbox. For the
2D hierarchiest shouldbe notedthat althoughthe hierarchiesare built using2D (pro-
jection)criteria,thetestof theraysis doneonthe 3D boundingboxesin thelevelsof the

hierarchythustakingadwantageof thetighter3D boxes.

Combination intersectiontraversal: A firstfasttestis performedonthe2D boundingboxin
thehierarchy If thetestis true,atestis alsoperformedon thetighter 3D boundingbox,

to eliminateraysthatweresuccessfubn theloose2D boundingbox.

All the above testshave meaningin the 2D hierarchiesbuilt using2D criteria. Neverthe-
less,only the3D intersectiorandtraversalcanbe performedn the caseof the3D independent
hierarchiegsinceno projectioninformationis kept). Finally, in the caseof the 2D hierarchies
thatcomeasa directtranslationandprojectionof anindependen8D hierarchythe 3D inter-
sectiontestmakesthem degenerateo the independenB8D hierarchies.So only the 2D and

combinationintersectiortraversalareof interest.

3.3.3 Hierarchies

For our testing purposeswe have implementedand tested both view independentand
projection-basedpproache$or comparison.The projectedbasedhierarchiesareaswe men-
tionedof two forms, which basicallyhave to do with the criteria usedto build the 2D hierar

chies. Theoneform useghe 2D informationof theactualobjectsof the scene . Theothertakes
anexisting view dependenhierarchyandtranslatest into a 2D plane(viewing planeor plane

of alight cube).
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In orderto bestreview theresultsof the 2D intersectiorapproactwe chosesomerepresen-

tative hierarchybuilding approachestop-davn, bottom-upandadaptve.

R-tree: The R-treeis a classicaltop-davn adaptve method. It dividesobjectsusingan axis

alignedpartitionandminimizesthe surfaceareaof thejoint boundingvolumes.

R*-tr ee: TheR*-treeis alsoanadaptve top-dovn hierarchicalapproachlt is differentto the
R-treein thatit canjoin boundingvolumesso asto minimize overlap,somethingvery

usefulin ray tracing(lesssubtreedraversedn the hierarchy).

Top-Down Binary Axis Partitioning: Thisis a statictop-davn approachalsoreferredto as
Top-Down Binary Splitting TDBS). The treeis binary and eachtime the nodeis split
on oneof the 3 axes,soasto derive the bestlinear partitioningin termsof surfacearea
(childrenwith approximatelythesamesurfaceareafor theboundingvolume).lt is linear
in the sensahatnot all combinationsf objectsaretried at eachaxis which would cost
O(2") time. Insteadthe boundingvolumesare sortedaccordingto their centeron the
givenaxisandlinearcombinationsaretestedthefirst boundingvolumeandtherest,the

first two andtherest,etc),whichis a O(n) operation.

Bottom-Up Binary Matching: We introducethis approachin orderto cover an optimal bi-
nary matchingamongthe objectsin thescenelt is a statichottom-upapproachAt each
steptwo boundingvolumesarejoined,thosewith the smallestsurfacearea.Thisresem-
blesaNearesiNeighborsearchbut we definethedistancametricasthecombinedsurface
area.Thegeneratedreeis abinarytree. As we designedndimplementedhis approach,
it takes O(n?) time. We first sortall boundingvolumes,accordingto the shortestdis-
tancewith their closestneighbor The first passfor the closestpair matchingis the one
thattakesup O(n?) time, but the actualcostis very small, sincethe pairingis basecbn
afew coordinatecomparisonsThe sortingis a O(n logn) calculation.At eachstepthe
two objectsthatareclosestarejoinedandtheir boundingbox replaceshemin thesorted

structure(afterhaving foundits nearesbbjectin O(logn) time,or O(nlogn) for all the
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meigingoperations)Themostcostlyoperationdeterminingoriginally theclosesbbject
to every otherobject),canbereducedn compleity if we useaslightly modifiedapprox-

imationalgorithmfor NearestNeighborfinding (O(nlog n) [KOR98,IM98, Tsa99]).

The above hierarchiesareimplementedoothin a view independentnatter(asseenin the
bibliographysofar), aswell asprojectionhierarchiesbasedon the 3D hierarchiesandon 2D
criteria. The factthatwe useAABB allows the implementatiorof the R-treevariantsin the
view independenhierarchieqwherethe splitting and joining criteriarequire AABB), but it
alsofacilitatesthe projectionhierarchiespecausehe joining of axis alignedboundingboxes

(in 3D) is muchfasterthanthejoining of spheresr orientedboxes.

3.4 Algorithm

A descriptionof the ray tracing algorithm can be seenin Figure 3.9), with the preprocess-
ing stepswe propose(Figure 3.10), including secondaryand shadev ray testing. Note that
theFi nd_Proj ect I ntersecti on teston a projectionof a boundingvolumeis much
cheapethanthe actualintersectiorteston a boundingvolume,aswe will demonstrate.

TheBui | d_Pr oj ect _Hi er ar chy functiondescribedn Figure3.9is theonefor creat-
ing the 2D projectechierarchy Whenwe usea 3D hierarchythatwe later project,thefunction
is thatpresentedh Figure3.11.

Also, in this descriptionof ray tracing (Figure 3.10) we expressl nt er sect _Cbj ect
asa 2D operation,thatis a ray is testedon the 2D projectedbox of the derived 2D hierar
chy. Neverthelessaswe have mentionedjn orderto betterunderstandhe performanceof all
hierarchiesnvolved andto enhanceheir performancewe useotherintersectionscheme®n
the projectedhierarchiesaswell. Sofor the projectedhierarchiesvhich have beencreatedon
2D criteriawe alsotry intersectionn the 3D boundingboxes of the objects,aswell ason
a combinationof 2D and 3D boundingboxes; whereador the projectionhierarchiederived

from view independenbneswe use2D andcombinationintersectiorschemes.
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Initialization:
Bui | d_d obal _Hi erarchy Hg
forall I'ights |
Bui I d_Light_H erarchies H; for |
Bui l d_Project Hi erarchy He for canera C

Build_Light H erarchies H; for light |
if | inside scene
for the 6 directions d of the cube around |
forall objects n Project on d

Build_Project_Hierarchy H ;1 ¢4 6
else

forall objects n Project on d closest to scene

Build_Project_ H erarchy H,; ; for d

Build Project Hierarchy H for C
forall objects n in scene
Project non C
Add nto H for C

Figure3.9: Initialization Procedure

for

40
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Ray_ Traci ng:
forall pi xels of view ng screen
shoot ray and Find Project Intersection using H for C

Find_Project _Intersection using Project Hi erarchy H for C
if node is aleaf in H
Intersect_(hject n
else
if ray origin in projection of bounding vol unme
for each child of node in H
Find_Project Intersection of child using H for C

Find_Intersection using dobal H erarchy Hg
if node is a leaf in Hg
Intersect_(hject n
else
if ray intersects boundi ng vol une
for each child of node in Hg

Find_Intersection of child using Hg

Intersect _hject n
if intersection
forall I'i ghts |
shoot ray fromlight | to intersection on n
using Find_Project Intersection using Project Hierar-
chy H;) closer to scene
if reflection or refraction ray
Find_Intersection using dobal Hi erarchy Hg
cal cul ate col or

Figure3.10: Ray Tracing
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Buil d_Project_H erarchy H for C
Get d obal hierarchy Hg of scene
forall obj ects and | evels of Hg
Proj ect object bounding boxes of on C
Add projected box at the same level as the Hg in H

Figure3.11:Building a 2D hierarchyusinga 3D view independentne

42



Chapter 4

Intersection Cost Analysis

The basiccostfor ray tracingcomes.aswe have alreadymentionedfrom the numberof ray-
objectintersectionsieededn a sceneaswell astheactualcostof thesentersectionsin order
to determinein what ways our techniquewill affect the ray tracingrenderingtime, we will

first try to give an approximatecostfor the ray tracingtechniguecommonlyused. We must
mentionherethat boundingvolume hierarchiesare not usefulin all scenes.They definitely
improve ray tracingefficiency whenthe objectsof the scenearequite simpleto intersect(low
cost)andthenumberof objectss relatively big. Butthisis notthecaseor simplescenegsmall
numberof objects)with expensve primitives(complicatedshapes)in thesecasegfor example
a scenewith a very complicatedobjectthat coversthe entire scene)hierarchytraversalsand

evenboundingvolumeswill notaffecttheoverallperformance.

4.1 Bounding Volumesintersection Cost

As we have alreadypointedout, the main factorthat affectsray tracingefficiency is the ray-
ervironmentintersectioncalculations.In orderto demonstratehis high costwe will review
theintersectiorcalculationson boundingvolumes which arealwaysascheapor cheapethan
thoseontheactualobjects.

In orderto give a costof theintersectioncalculationswve will useasa basicunit thetime

43
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takenby thedifferentfloatingpointoperationsThuswe will roughlycomputethetime needed
to intersecta boundingvolume.

Wewill assumehatafloatingpointadditionandmultiplicationtake afixedamountof time
(which we will useasour basemeter)anda division approximatelyb timesasanaddition. A
comparisoroperationis assumedo take asmuchtime asanaddition,sincetypically floating
pointcomparisongreimplementedvith subtractions.

A rayis definedas:

Rorigz'n = RO = [XO YZ) ZO] .
whereX? + Y? + Z2 = 1 (normalized).

Ruyirectioo = Ryq = [Xa Yy Z4]
This definesaray asa setof pointsonline

R(t) = Ry + Ry x t, wheret > 0. (4.1)

4.1.1 Ray-Sphere Intersection

The simplestboundingvolumeto intersectwith in a 3D environmentis a sphere aswe will
seeby thecalculationsneeded.

Theequatiorrepresenting spheres givenby avectorS, denotingthecenterof thesphere
andanumbersS, denotingtheradius.

We will describethe geometricsolution,as mentionedin [Hai89], which is significantly
fasterthanthetypical algebraicsolution. We notethatwe have a slightly differentcostasso-
ciatedwith the algorithm, sincewe countcomparisonandwe assumehat the squareof the

radiusis a precomputedactorfor all spheréboundingvolumes.

1. Ray Origin Inside or Outside of Sphere Find the squareof the distanceL,. between
R, andcenterS, andcomparewith squareof radiuslength S, (avoid calculating

squareroots)(Fig 4.1).

We have 3 subtractiongrom calculatingthevectorOC = ITSSC, 3 multiplications

and2 additionsfor the squardengthof OC anda subtractiorfor the comparison
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(we assumehatthe squareof the sphereradiusis precomputed)Thetotal costis

3+3+2+1=09.

2. Ray Directionwith respectto Sphere Calculateray distanceclosestto centert., and
seeif it is greatetthanO. If ¢., > 0 thentheray pointstowardthesphereptherwise

away from it (Figure4.2).

Essentiallythecalculationof thedistance,, is equivalentto findingtheintersection
of the ray with a planeperpendiculato it, which passeghroughthe centerS, of
the sphere.This stepof the algorithmwill take 3 multiplicationsand2 additions

for theray-planeintersectionOC - R,;) andthe comparisorheredoesnot needa

subtractionSothecostis 2 + 3 = 5.

3. Doesray missthe sphere? If ray origin is outsidethe sphereandpointsaway thenthe
ray doesnotintersecthesphereandthetotal costis 9 + 5 = 14. Elsethealgorithm

continues. This stephasno computationcostsinceall comparisondiave already

beenmade.

4. Doesray hit the sphere? Find the squareof the distanceh;, betweenthe closestdis-
tanceof ray to centerandthe center If this distanceis lessthan O thenthe ray

misseghesphergFigure4.3).

This steptakesup 1 addition, 1 subtractiorand 1 multiplication (for 2,), ascom-
putedin Figure4.3 usingthe Pythagoreatheorem(we have alreadycomputedZ?,
andwe know S?). The comparisonggaintake no time. Thecostis then3. Sothe
total costcanbe14 + 3 = 17 or thealgorithmcontinuesThis checkfor A% makes

senseonly if theorigin is outsidethe sphere.

5. Intersection Point We have determinedf aray hits anobjectandwe needto calculate
theintersectiorpoint. ¢ from Equationd.lis t = t., — 1/h2, if theray originates

outsideandt = t., + y/h2,. if it originatesinside. Note that we only know the



CHAPTER 4. INTERSECTION COST ANALYSIS 46

squareof h2., sowe needto calculatethe squareroot. This calculationtakesas

muchas15-30timesasa multiplication (we will assumels).

The actualpoint canbe found by Equation4.1 with 3 additionsand 3 multiplica-
tionsfor the 3 dimensionsFinally the normalon theintersectiorpoint normalized

takes3 subtractiongP — S.) and3 muItipIication(assuming;—T is precomputed).

Theentirestepcostsl + 15 + 3 + 3 = 22.

Sothetotal costfor intersectinga spherecanbeeither14,17 or 22.

R(1)
' l in(ﬂ

(Se=Ro) ® (S R) > S, * 5, (Sg=Ry) ® (Se=Rp) < 5, %S, fea>0,s0the ray fea< 0,50 the ray
50 origin is outside, sphere so argin is inside sphere , points toward the sphere points away from the sphere

Figure 4.1: Ray origin inside or outside Figure 4.2: Ray direction with respectto

spherg[Hai89]) spherg[Hai89])

{7

ic z J“hc & Sr bl Sr —Ox0
O*0 = Log# Lo g * fog

“The® e S %5 - Loc®Log T Toa * fea

Figure4.3: Spherdantersection[Hai89))
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4.1.2 Ray-BoxIntersection

In [KK86] theray-boxcalculationis determinedusingslabs.A slabis the spacebetweerntwo
parallelplanes.Sotheintersectiorof a setof slabsdefinesa boundingvolume.
An orthogonalbox canbe definedby 2 coordinatespnedescribingthe maximumB,, and

the otherthe minimum B, extendof the box.

B, = [XiV, Z)]

B, = [Xp Y, Zy)

andarayis, aswe mentionedgivenby Equatior4.1.

4.1.2.1 Axis Aligned Box

We will describethe algorithmfor anaxisalignedbox.

1. Wefirst sett,,co, = —oo andty,, = oco.

2. For eachof the3 planedirections(we will describeheX parallelplanes)thefollowing

take place.

(@) If X; = 0thentherayis parallelto thebox. If X, isnotbetweertheslabs(X, < X;
or Xy > X3), thentheray doesnothit.
This steptakesup onecomparisorwith 0 thatdoesnot affect the time of the algo-

rithm and2 comparison®f realnumbers.Sothe costis 2.
(b) If ray notparallelto theplane

i. Intersectiordistance®f planesarecalculated:
t = (Xl—XO)*XLd

to = (Xh—XO)*XLd

This steptakesup to 2 subtractions2 multiplicationsand one division (we

storeXLd). Sointotal2 +2+5=9.



CHAPTER 4. INTERSECTION COST ANALYSIS 48

ii. If t; >ty swapthem(costl)
If t1 > tpear S€tEL = tyeqr (COSEL)
If to < tpqr SEtty = ts4, (COSLL)

iil. If thear > trqr bOXis missed(this stephascost1 andif the algorithm stops
herethetotal costis 2+9+1+1+1+1=15).

iv. If t74, < 0theboxis behindtheray soit is missed.This comparisortakesno

time, soif thealgorithmendsherethe costis 15 (Figure4.4).

v. Elsecontinuewith next axis.
End for

3. If all theplanesarechecledandno breakin thealgorithmis found,we have gonethrough

3 % 15 = 45 stepsof cost1.

4. We still needto determinethe intersection. The intersectiondistanceis ¢,,.,, andthe
ray’'s exit pointis ts,.. Theactualintersectionpoint canbe calculatedoy Equation4.1,

costinganextra 3 additionsand3 multiplications.

/' R

7 R
- . ’
/ & / i
) .
near : . by
d ) o 2
’fur/ tlx o - ’fqr / "
/,
/ i : T : ! / %
y : yslab » iy 1
)’/ R , l / 1%
'/ N -
7y N ex slab ) /r1y
R
[]
hrear > ffar » 80 ray misses box 'near < ffars And £,g0, >0, 50

Ineqr 18 intersection distance

Figure4.4: Spherantersection[Hai89]).
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Sofor anaxisalignedbox the costof intersectingcanbe 2 or 15 (if we exit onfirst plane),
15+2=170r 15+15=30(if we exit on secondlane),30+2=320r 30+15=45(if we exit onthird

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

4.2 Projection and Comparisons

The simplestof the boundingboxes have coststhatrangefrom 14-22or 2-51. We will now
presenthe costof ray intersectionwith the projectionof a boundingvolume. We note here
thatthis calculationtakesplacewhentraversingthe hierarchy Whenwe determinethe actual

objecthit atthebottomof thetree,we will performall the calculations.

4.2.1 Circle

The projectionof a spheres alwaysa circle of centerC, andradiusC,. Both C,. andC, are
precomputedand are the projectionof the centerS, of the sphereandthe projectionof the
radiusvectorparallelto theimageplanesS, respectiely (Figure4.5).

In orderto testif thereis an intersectionof a ray asdescribedoy Equation4.1 with the
spherewe only needto testif theorigin R, of theray liesinsidethecircle. Thisis performed
by checkingif (X.— X,)*+ (Y. — Yy)? > CZ2. If thelengthof the 2D distancebetween?, and
C. is biggerthantheradiusthanthe ray doesnot hit the sphere(sincethe spheres translated
ontheviewing planein a positionthattherayis not comingfrom).

Thistesthasaconstanfactorof 1 addition,2 subtraction@and2 multiplications(thesquare

of the projectedray radiusis precomputed)Sothe costis 5.

4.2.2 ProjectedAxis Aligned Bounding Box

An axis alignedboundingbox will have 8 projectedvertices(Figure4.6) that have a corvex
hull of atmost6 vertices(4 canoccurin the caseof aviewing planeparallelto oneof the axis

of the box). Using the Grahamalgorithmwe canfind the corvex hull in O(nlogn) time. In
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Figure4.5: Sphereprojectionon viewing plane.

orderto checkif aray hits the 3D box we have to checkif the origin of theray is insidethe

convex hull, usingfor instancehe Jordancurve theorem.

Becauseave aredealingwith axisaligned3D boundingooxes,thecostof findingthe6 edges
thatform the corvex hull of the projectednodescanbe improved and computedn constant
time (not O(n log n) usingthe Grahamalgorithm). In orderto do sowe mustpick an octant
for theray directionanddeterminethuswhich 3D box edgeswill projectto 2D box edgesas

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

Figure4.7: Assumethat the ray direction definesthe positve axes z, y, z of the octant. In
our examplethe edges2,4,5,6,12,7oundthe 2D hexagon. Or if we look at the —z,y, —z
directionsthe BV edgesl,3,7,10,11,%oundthe 2D hexagon.

4.2.3 2D axisaligned box

Every projectedboundingvolume canbe enclosedn a 2D box, alignedto the viewing plane.
This box canactasa fastintersectiortest,sincecheckingif aray originatesfrom within takes
only 4 comparisons.

Essentiallyby projectingthe boundingvolumesin the scenewe reversethe procesf ray

shooting.Insteadof castingraysfrom the viewing planeto the scenewe transformthe scene
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ontotheviewing planeandcheckif raysoriginatein placesvhereobjectprojectiondie.

4.3 Intersection CostSummary

In this Chaptemve have discussedeveralboundingvolumeintersectiorcost,morespecifically
thoseconsideredo bethe cheapestWe alsodiscussedomeprojectedoounding‘areas”(not

volumes).Theaverageintersectiorcostsfor all theabove aresummarizedn Figure4.8.

BoundingVolume | Avg IntersectionCostperray
Sphere 17.6

3D BoundingBox 27.4
Circle 5.0

2D BoundingBox 4.0

Figure4.8: Thecostof intersectingaray with the BoundingVolumesexaminedin this chapter

It is thusapparenthatthe 2D box, althoughlooserthanthe 3D boundingboxes,is cheaper
to intersect.Circles,althougheasyto intersectareharderto form hierarchicalstructureswith
anddo not adaptat all to accommodatéhe object’s shape.Insteadthey areusuallyusedin a
similar way to spacesubdvisiontechniquegHub95.

We mustnote herethat the proposed2D boundingvolumescarry with theman inherent
shortcoming. The fact that we discardthe z—dimensionleadsus to keeplessinformation
aboutthe actualsimpleobjectwe areenclosing.In the caseof the 2D axisalignedboxeseven
biggerlossof informationtakesplace,sinceit is lesstight thanthe 2D projectedhexagon. In
otherwords by using2D boundingvolumeswe affect two partsof ray tracing: we improve
the costof intersectinga boundingvolumeandworsenthetightnessof the boundingvolumes,
leadingto moreraysatthelowestlevel of theraytracing,theintersectiorwith theactualobject

(asseenin Figure2.5).
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PreprocessingCost Analysis

We will roughlyreview herethe preprocessingostdescribedn the algorithmfor building a
hierarchyasseenn Figure3.9. Wewill alsoattempto give anestimateof the costfor building

andtraversingthe hierarchiesve usedin our testing.

5.1 Projection

The equationfor calculatingthe intersectionof a ray castfrom the camerawith parameters
Location, Up, Right, Dir providesa point P, asseenin Equation5.1 (sameasEquatiord.1),

wheredist is calculatedaccordingo the objecthit (asseenin Chapterd).

P= R() + dist * Rd (51)

By essentiallynvertingtheequationve getthe projectionof point P ontotheimageplane.
Sowe treatprojectionastheinverseof ray casting.We know thatRy = Location andwe can

expressR, in termsof thecameraandtheviewing plane,asin Equation5.2.

Ry = Dir +uUp + v x Right (5.2)

where (u,v) arethe 2D coordinateof the ray onto theimageplane. In orderto derive u, v

53
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from thegivencamergparameterandthe 3D point P, we combineEquationss.1and5.2.

ThusEquation5.1 canbetransformednto
P = Location + dist x (Dir + u * Up + v x Right) (5.3)

In Equation5.3, giventhat we know the point P we wantto project, we have the following
threeunknawn factors:dist, dist * u anddist x v, whereu, v is essentialljthe projectionof P

ontotheimageplane.Sincewe aredealingwith vectors Equation5.3 canbe expresseds:

P.x = Location.t + dist * Dir.x + u * [fp.x + v % Riﬁht.x
Py = Locc?tion.y + dist * D%r.y + u * lfp.y + v * Ri;ht.y

P.z = Location.z + dist * Dir.z + u * Up.z + v % Ri;ht.z

from whichwe canderive u, v.

This projection operation,assumingwe have precomputedall parameterselatedto the
viewing plane,includes6 additions,11 multiplicationsand1l division, soin total hasa costof
21 (aswe have definedit in Chapterd). We mustnoteherethatin theactualimplementationa
smallconstanfactorto the above costis addedfor retrieving the camergparameters.

For ascenewith n objectsthe costof projectionis n timesthecostof projectingabounding
volume. As we have alreadymentioned,the costof projectinga boundingvolume greatly
dependsn the type of the boundingvolumeused. As seenin Chapter4, projectinga sphere
is equivalentto projectingtwo points,the centerof the sphereanda vectorrepresentinghe
radius.We mustbe carefulthoughto chooséor theradiusa vectorthatis perpendiculato the
camergplane,soasto getanaccuraterojectionof the sphere Ontheotherhand,projectinga
3D boxis equialentto projectingeightpoints,the verticesof the box.

As we mentionedn Chapter4, intersectinghe projectionof a 3D boundingbox takesup

aconstantime factor whichis neverthelesbiggerthanfor instancentersectingacircle. This
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is why we proposedhe useof a 2D view alignedbox thatencloseghe projected3D box. The
costof determininga 2D surroundingoox of the projected3D box s trivial for 3D projected
boxes(aswell asfor circles).For acircleit is basically4 additions/subtractions,.x &+ C, and
C..y + C,, whereC,, C, arethe projectedcenterandradiusrespectiely. For a 2D box it is

a 16 comparisorcomputationdonein orderto find the extremez, y valuesof the projected3

vertices.

Summarizingve have:

BoundingVolume | ProjectionCost| Enclosingin 2D box cost

Sphere 2*21=41 4

3D BoundingBox 8*21=168 16

It is apparenthatspheresrecheapeto projectandto enclosan a 2D box. Nevertheless,
aswe have mentionedbefore,spheresrenot asadaptve to the actualobjectthey encloseand
arethuslesstight than3D boxes. Given the factthat 2D boxesare even lesstight thanthe
projectionthey enclose2D boxesenclosingprojectedspheresarecheapeto producebut less
tight thanthosederived from 3D boxes(Figure5.1). Giventhe factthat our goalis not only
fasterintersectionsn the hierarchy but alsofewer raysreachinghelastlevel of the hierarchy
we will choosefor our testingthe 3D axisalignedbox, improving the quality of the hierarchy

by increasinghe preprocessingost.

Sofor ourchoiceof axisalignedboundingboxesthetotal projectioncostin thepreprocess-
ing stepis n x 8 * 21 andanadditionaln x 16 for determininghe 2D boundingbox. In totalthe
precomputingeostis n x 184, aconstantost,whichwill beaddedon the preprocessingostto

accelerateheintersectiorcostsof boundingboxesfor all raysin thescene.
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o
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Figure5.1: A 3D manin the middle andleft andright its sphereand 3D axis alignedbox
boundingvolumesrespectirely. Fromthegreensectionthatrepresentthe 2D box surrounding
theprojectedversionsof theboundingvolumesiit is apparenthatthe 2D box derivedfrom the

spherds lesstight thanthatof the 3D box.

5.2 Building

The costof building a hierarchyalsogreatlydependsn the numberof objectsrepresenteth
the sceneaswell asthe subdvision or joining criteria (if the hierarchyis built top-davn or
bottom-up).Referto section3.3.3for a detaileddescriptionof the hierarchiesused.

Whenconsideringa techniqueusingthe bestjoin over all objectsthatminimizesa certain
parametefex. minimizing volume,or overlapping),every subsebf objectsmustbe testedin
orderto getthebesttree. This, in the mostnaive implementatior(exhaustve) yields exponen-
tial time over the numberof objectsin thesceneD(2").

By sortingbeforeapplyingthe desiredcriteriaandthensplitting or joining andusingthis
specificorder(first andlastsortedobjectarealwaysin differentgroups) we getan O(n log n)
time operation.Thisis dueto thefactthatthesortingtakesup O(n log n) time andthesplitting
testsO(n) time. This is essentialljthe approactollowed by the Top-Down Binary Partition-
ing.

Keepingall instancegobjectsor joined objects)sortedby the criterion of splitting, we can
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approximatethe resultsof the exponentialclassin quadratictime (O(n?)), asit is the casein

NN basedottom-UpBinary Matching.

In incrementaklgorithmssuchasthe R-treeandthe R*-tree thataim to approximatethe
resultsof the mentionedexhaustve algorithms,the constructioncostis closeto O(nlogn)

time ([dBvKOS98],[Gut84]).

The behaior describedabove can be easily seenfrom the resultsof our testing, more
specificallyin the graphsof the preprocessingime. Therewe can seethe quadraticfactor
affectingthe NN basedBottom-UpBinary Matchingandthe lower compleity of all the other
approacheslin thesegraphswe also seethe effect that building all the projectedhierarchies

hasonthe overall preprocessingime (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: Thecompleity of differenthierarchicatechniquesindtheeffectof building mary
hierarchiedor the projectedapproachesThesetime statisticsaretakenfrom the “tree” scene

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

All the abore operationsaredoneover all 3 dimensionsvhencreatinga 3D independent
hierarchy(thatis all criteriamustbe checledandevaluatedn all dimensions)Thus,our view
dependentierarchieswhich are basedon 2D criteria, will be of the samecompleity, but

considerablyaster sincewe areeliminatingtestson onedimensionasit is seenn Figure5.2.
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5.3 Performance

Basedonthework donein [GS87],o0necandetermingheexpectechumberof rayintersections
on a given hierarchy basedon the numberof childreneachnodehas,andthe relative areait
coverscomparedo therootnode.

In [AK89] the approachof determiningthe performanceof a boundingvolume hierarchy
is viewed asan attemptto seehow a boundingvolume affectsthe distribution of raysfor its
childrenvolumes.Following the notationof [AK89], we denoteas EC' the externalcostof a
boundingvolume,i.e. thefixed costof aray intersectiontestwith the volume,andas/C the
internal cost,i.e. the averagecostof a ray intersectiontestwith the contentsof the volume,

giventhattheray did hit thevolume.

Sofor aboundingvolume A enclosingB,, Bs, ... B,, childrennodeswe have:

10(4) = i {EC(Bi) +

1

< P(B;,d) >
SPags IC(Bi)} (5.4)

where< P(V,d) > istheaverageof theprojectedareaof V alongdirectionsd. Theabove
appliedrecursvely cangive anaveragecostof intersectingaray with agivenboundingvolume
hierarchy

The above methodfor predictingthe performanceof a hierarchyis neverthelessan ap-
proximationof the actualsituation. The resultingquality measureaeflectsthe actualhierarchy
performancenly in caseswvherethe probabilitiesof intersectingary child of anodeareinde-
pendent.If for instanceone of the childrenin a nodeis biggerthanthe rest, this is not true.
Sothe approachis actually only an accurateapproximatiorwhenboundingboxesare much
smallerthantheir parents.

Thatis why, in orderto determinethe quality of the hierarchiesusedin our testing,we
will actuallycounttheir performanceatruntime. The mostimportantmeasureéo demonstrate
the performancdandmorewer the quality of a hierarchy)is the numberof objectstestedfor

intersectiorby aray. In anidealhierarchyaray checksoneobjector noneandin a scenewith
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no hierarchyn objectsarechecled by everyray (wheren is thetotal numberof objectsin the
scene).Sothe averagenumberof objectshit by arayis a goodindicationof the quality of the
hierarchy

In our resultswe will evaluatethis measureonly for the visibility rays,sinceall the other

raysalsousehierarchieof the samequality.

5.4 Traversing

Our hierarchiegepresent given sceneasa tree structure. Assuminga treeis balancedand
no overlappingnodesoccur (optimal), the averagetraversalcostis O(logn), whereasn the
worstcase without theseassumptionst is O(n). Of courseobjecthierarchiesarenot always
balanced(our Nearest-Neighbelik e algorithm yields unbalancedrees)or non-overlapping
(all thehierarchiesisedmay have objectboundingboxes,or morelik ely boundingboxesfrom
joining, thatoverlap). Thustheaveragdraversaltimeincreasesassumindhatall pathsto aleaf
areequallyprobable.This of courseis not alwaysthe case(we canhave unbalancedaptimal
trees[AK89]), but it is almostalways applicablein the caseof approximationhierarchical
algorithms.

The traversalcostdeterioratesvith the useof a 2D hierarchy(eitherbuilt on 2D criteria,
or by projectinganexisting view independenhierarchy)aswe have implementedt. Thisis a
resultof the factthatwe eliminatetestson onedimension(the z coordinate).In otherwords
aline queryin a 3D hierarchyis not asfastandaswell representedsa point queryin a 2D
hierarchy

The above claim canbe seenwhencomparingthe averagecostof hitting anintermediate
objectin ahierarchyasseenin Figure5.3.

It is apparenthattraversinga 2D hierarchyis muchcheapeif we useaprojectionhierarchy
whenthe scenesarefairly complicated.Whenscenesaresmall (like the “tree” sceneof size

factor6), the benefitsof traversingthe hierarchyfastareovershadwedby thefactthatthe 2D
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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
TDBP projected3D 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 note how much cheaperarethe intersectioncostsin the casesof the
projectedhierarchiescomparedo their view independentounterpartsin this scenethefloor
is viewed asa setof smallerparts,in orderto avoid ary artifactscausedy the big sizeof the

floor object.

boundingboxesarelooseandseveralraysreachlower levelsof the hierarchyneedlesslyThis
is alsothereasorbehindthe biggertraversalcostin the smallestscenes.

We mustmentionherethatin thewaywe have implementedheprojectecdhierarchiesimore
thanonestructureis usuallyneededor a singlescene.Thuswe introducean extra costin the
ray tracingprocedureassociateavith the choiceof structureto be used.For examplevisibility
raysusethevisibility hierarchy shadev raysthe light hierarchyandreflection/refractiomays
a view independenhierarchy As we will shav in our results,this decisionin our approach
greatly affects the resultingperformancegspeciallyin sceneghat requiremary hierarchies
(suchasscenesvith alarge numberof lights). This costof choosinga hierarchyis a constant
factorperray, sowe couldsayit is in away scene-sizéndependentMoreover, asthenumber
of objectsin a scenebecomedarger, the costof intersectingthe objectsand traversingthe
hierarchyovershadws that of the choosinga hierarchy sincethe numberof rays that are

newly introduceds relatively small. Theaboveis apparentn ourresults becausevhenscenes
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get larger, the projectedhierarchiestime for ray tracing corvergesthe sameway the view
independenhierarchiegime does,implying thataftera point the costof choosinga hierarchy
is nolongersignificant.

Finally, we needto alsoassociat@nothercostwith thetraversingprocessn the 2D hierar
chies.Sincewe accelerateay intersectioron the 2D boxesby performinga point-in-rectangle
check,we mustmake surethattheorigin of therayis indeedon theplaneof thehierarchy This
is alwaystrue for visibility rays,but not so for shadev rays. So eachshadev ray needsfirst
to be projectedon the planeof the light hierarchy This costis smallandis performedonce
per hierarchy(for eachray). Neverthelesst addsto the overall ray tracingtime. Its effects
areincludedin the choiceprocesssincethe projectionof theray needso be doneprior to the

choiceof hierarchy

5.5 Summary

As we have discussedh this chapterthe preprocessingostfor building a 2D hierarchyis very
smallcomparedo building anindependenhierarchy giventhefactthatalthoughindependent
hierarchiedo notinclude projectioncost,they have to incorporatethe costof consideringan
extradimension.Neverthelessthis costbecomes big factorwhenmary lights areintroduced
in thescenedueto thefactthatwhenusingaview dependenapproachmary hierarchiesnust
bebuilt in orderto accommodatshadev raysandothersecondaryays.

Thecostof traversinga 2D hierarchyis quite smallcomparedo traversinga 3D hierarchy
specificallyin thecaseof largescenesThebenefitfrom thisfasttraversalneverthelesss weak-

enedby thefactthata costin choosinghe appropriatehierarchyfor eachray s introduced.
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Testingand Results

As promisedwe will demonstratéhe performancenf our approachestingseveralscenesin
orderto provide testingresultsthat are generallyacceptedand can be easily reproducedoy
ary interestedparty, we will usetestscenegrom the SPDset[Hai87], aswell asseveralother
scenegollowing the SPDspecifications.

Our aimin this sectionis firstly to demonstratéiow the techniqueworksin generalcom-
paredto the corventionalview independenhierarchyapproachandsecondlyto examinehow

its performancescalesvhenthe scenebecomesnorecomplicatedandlights areadded.

6.1 ComparisonMetrics Used

Several metricswill be calculatedso asto give a detailedand meaningfuldescriptionof the

behaior of the hierarchytypesexamined.Thesemetricsare:

e Time
Wewill givetwo measuresf time. Thefirst, Ty, isthePreprocessingime for thescene.
This time essentiallycoversthe hierarchybuilding. In the view independenhierarchies
thistime is equalto building the oneneededhierarchy In the projecthierarchiesve can

view this time asa combinationof the time spentto build the visibility hierarchy(7y),

62
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the hierarchiedor thelights (77,), aswell asthe 3D hierarchyneededor reflectionand

refraction(7g).

Theothertime metricthatwill usefor bothview independenanddependenhierarchies,

TR, is thetotal time spenton ray tracingthe sceneafterthe preprocessingtep.

Tpr and Ty aretwo distinctand non-overlappingmetricsandthey are expressedasthe
CPUtime in seconds Although several othermetricsarealsocounted time is the one

we will focusonin our explanationsandperformanceyraphs.

e The Costof All testsPer Hierar chy Object (traversal cost)
The Costof All testsin aHierarchy(C, ) expresseshe numberof flops (aswe defined
themon chapter5) usedto traversethe hierarchy and Costof all testsper Hierarchy
Object(Cyo) indicatesthe averagecostof traversingone hierarchyobject(not actual

sceneobject).

Thesecostmeasuregjive a very clearideaof the calculationsdonewhentraversinga
hierarchyand greatly affect the ray tracingtime. This is a measurdahatthe useof 2D

hierarchiesaimsat minimizing.

In the caseof the 2D Hierarchiesthesetwo measuresvill expressthe sumof costsfor
visibility andlight hierarchiesIn the 3D hierarchieghe costwill alsobe calculatedor
primary (visibility) andshadav rays. Thereasonwhy we discardsecondaryaysis that
the 2D versionof a hierarchyusesa 3D view independenhierarchy which is the same
asthe 3D versionof the hierarchy Sincethe hierarchiesusedby both approachesor
secondaryaysarethe same,andgiventhe factthatthe numberof secondaryayscast
arethe same(dependon the numberof successfulntersectionsn the previous level,
whichis independenof hierarchy),the costwill bethe sameandthuswe do not take it

into account.

In our graphswe will presenthe CostperHierarchyObject(in otherwordsthe average

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

e The Costof all testsPer actual Object
As theabove measure$Cy 4, Co), thesetwo costsexpressthe calculationexpenseof
intersectingan objectat the lastlevel of the hierarchy(all calculationsCy 4, aswell as
anaveragecostperobjectCy). Of coursethis costis alwayscalculatedn a3D approach
andit demonstratebow accuratea hierarchyrepresentatioms. If the costis small, a
small numberof raysreachedhe lastlevel. Again, we do not countsecondaryays’
cost,becausave wantto shov how the 2D approachaffectedthelastlevel intersections.
It is only naturalthat sincethe 2D boundingboxesare not as“tight” asthe equivalent
3D, the costwill be highet We wantto seeif this highercost,togetherwith the higher

preprocessingime canbe offsetby the gainsfrom traversingthe hierarchyfaster

Thesetwo measuresaswell asthe above, do not aim to testwhich hierarchyalgorithm
works better(this canbe seenfrom the Numberof RaysTested). Rathey they aim to

comparehe 2D andthe 3D versionof the samealgorithm.

Again we will displayonly the CostperactualObject,in otherwordsthe averagecost

for intersectinganobjectof thescene.

e The averagenumber of objectstestedby aray
As wementionedn chapte5, in anidealhierarchyeachraywouldtestoneor noobjects.
In a scenewith no hierarchicalstructurea ray would be testedagainsteachobjectto
determinethe closestintersection(if any). In orderto provide a measureof the quality
of our hierarchiesve will thuscomputethe averagenumberof objectshit by aray. The
closerthis numberis to 1 the betterthe quality. This testwill be performedon visibility
raysonly, sincethey useone hierarchyin all cases.But the resultscan be viewed as

accuratdor all hierarchiesn agivenscenesincethey all follow the sameheuristics.

For afastandintuitive review of the approachesve will give hereinformationconcerning

time, objectcostandaveragenumberof objectshit by aray displayedn graphs.We focuson
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thesemeasuresincethey aregoodindicatorsof the performanceandquality of the hierarchy
schemeshatwe compare.

Eachscends runfor severalsizefactors(SF).As far ashierarchicabuilding is concerned
we will try 2D and3D hierarchicalschemesMoreover, for all the hierarchiesve will exam-
ine several combinationof ray-intersectiorschemesWe will try 2D intersectiontestswhen
traversingthe hierarchy 3D intersectiontestandfinally a 2D first passfor intersectionand
thena 3D pass.We believe thatthesecombinationsf hierarchiesandtestingapproachesvill
provide usa generalandaccuratamageof the aspect®f eachapproach.

Sowe have thefollowing graphsfor eachscene:

- Using 2D intersectiorschemean 3D and2D hierarchies

RaytracingTime vs SizeFactor

Preprocessingime vs SizeFactor

Averagenumberof objectshit by aray vs SizeFactor

Averagecostfor hitting anobjectvs SizeFactor

Averagecostfor traversinganintermediateobjectvs SizeFactor

- We will alsoreferto 3D intersectionschemein 3D and 2D hierarchiesaswell asa

combinationof 2D and3D testingschemen 2D and3D hierarchiegor thesamegraphs.

Becausedhe sizefactorof the sceness relatedin a differentway to the actualnumberof
objectsin eachscenejn somecasesve will normalizethemeasuresn orderto bettercompare

the performancef thealgorithms.
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6.2 TestScenes

6.2.1 Tree

Figure6.1: Treescendrom SF1to 11

This sceneis indeedvery challenging,for the projectedhierarchiessinceit includes?
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lightsinsidethescenevolumeandindeedfor all hierarchiesinceit displaysa highly irregular
distribution of the objects(Fig. 6.1).

Thescends rununderllsizes(sizefactorsor SF)containing2(S7+1) —1 conesandspheres
+ 2 trianglesand? lights. In otherwordsthe numberof objectsrangesetweerb and4097. All
surfacesof the particularscenearematte. This facilitatesthe comparisorbetweerthedifferent
approachessincethereareno reflectionor refractionraysto dominatethe numberof raysshot

in thescene.

6.2.2 Sphereflakes

Figure6.2: Sphereflaksscendrom sizel to 4

One of the mostcommonscenedrom the SPDlibrary is the “sphereflales” scene(Fig-

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

The sizefactorof the scenedeterminegshe numberof objectsoutputed. The total numberof

SF
spheress 9/ = =1, plusthetwo triangles.
=0
We will testthescendor four discreteSFandgetscenesvith 10,91,8200r 7381reflectve

spheres.For our testingwe will useall 4 sizesof the scene beginning from the small scene
andgraduallyincreasingthe size,so asto seethe effectsof biggerandmorecomplex scenes
onthe hierarchicalalgorithmsandon the new 2D approach We expectthat biggernumberof
objectswill adda biggeroverheadof preprocessingime in the 2D approachesandwe want
to seeif this overheads small comparedo the benefitsof fasthierarchytraversalof the 2D

approach.

6.2.3 Gears

Figure6.3: Gearsscendrom sizelto 4
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The final scenewe will testis the gearsscene(Figure 6.3). This is probablythe most
challengingof thethreetypesof scenesinceit exhibitsreflectionandrefraction. Two reflectve

trianglesareusedfor thefloor plustheoverall4 x S trianglesfor thegearshemseles.
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6.3 Resultsand Observations

Apart from graphsdemonstratinghe actualvaluesof the metricsdescribedn Section6.1, we
will alsogive somerelative valuesasdescribedelow.

Sincethe sizefactorof the Treesceneis thelog,(n), wheren is the numberof objectsin
the scenejt is notintuitive how the imagescalesn respecto the numberof objects. Thatis
why we believe thatmeasureshatarelinkedto the sizeof the scenesuchasray tracingtime,
preprocessingime, intersectiorcostperobject,andtraversalcost,shouldalsobe expressedn
alog, scale,in orderto derive the growth rateof the variousprocessesThe sameappliesto
the Sphereflaksscenealthoughherewe usethelog  scale.Finally, in the Gearsscenethe
numberof objectsis relatedto the SF via the expressiod « .S . Thatis why in the Gears
sceneve will givethesamegraphsina - scale.We believe thatthe averagegrowth rate(the
slop of our graphs)will bea goodmeasurdor comparingthe behaior of the testedscenesn

termsof the actualnumberof objectspresent.

6.3.1 View IndependentHierar chies

We will attempthereto explainthe behaior of the severalhierarchicabpproachesasthey are
appliedto thetestscenesnentionedabove.

Thefirst thing to obsere is thatfrom the threeview independenélgorithm’s performance
(Top-Down Binary, R-treeandR*-tree), the Top-Daown Binary Splitting (TDBS) is the fastest
regardlesof the numberof objectsandthe scenecharacteristicgFigure6.4). Both the R-tree
andthe Top-Down Binary Splitting aim at minimizing the area(volume)coveredby thelevels

of thehierarchy Ontheotherhand the R*-treeminimizesoverlapbetweerboundingvolumes.

The R-treevariantsare built by insertingobjectsoneat a time, whereaghe TDBS algo-
rithm assumeg&nowledgeof the sceneanda sortaccordingto the midpointsof the bounding

volumeis appliedprior to the hierarchyconstruction.Sincethe TDBS outperformshe other
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Figure6.4: Timesfor view independenhierarchiedor all scenes

two hierarchieswe obsenre that the order of insertingthe objectsin the R-treeand R*-tree
algorithmsaffectstheir quality greatly So the stepof sortingthe objectsby their bounding
volumecenteraccordingto eachdimensionn the Top-Down Binary Splitting providesamore
balancedierarchythanthe unorderednsertionasit is donein the R-treevariants.Neverthe-
less,this “a priori” knowledgeof the sceneasit is usedby the Top-Down Binary Splitting,

resultsin a non-dynamichierarchythatcannotbe cheaplyreused.

6.3.1.1 Asfarasthethetwo R-treevariationsareconcernedn termsof time, we obsene that
they behave differently accordingto eachscene.As we have mentionedthe R-treecriterion
for joining objects(boundingboxes)is the minimumresultingarea,whereaghe R*-treeaims
at minimizing the overlap betweenboundingvolumes. Thesetwo criteria seemto corverge

in termsof time in the tree scene(the two global hierarchieshave almostidenticalbehaior
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for all sizesof thetree). This behaior is obseredonly in thetreescene.Eachbranchof the
treeis formedby a cylinder anda sphereandfrom the spheresproutanothertwo cylinders. It
seemghatin this particulararrangemerthe minimumoverlapaswell astheminimumaverage
areaarebothachieredby joining the cylinder with the equivalentsphere.Thatis why the two
hierarchieghatcomefrom the R-treeandthe R*-tree arevery similar andthusyield a similar

performanceThesetwo criteriawork very differentlyin the othertwo scenes.

6.3.1.2 InthegearsscengheR*-treealgorithmjoinstogethethesmall“teeth” of agearwith
its mainbody, sincethisyieldsthe minimumoverlapof boundingvolumes.Ontheotherhand,
theR-treetendsto join theteethof eachgearwith thoseof thegearbellow or above, sincethat
yieldsa smallincreasan thevolumeof theboundingboxes. Theresultis thatthe R*-treetree
bettermodelseachgearasanentity andprovidesamorebalancedreein theupperlevel of the

hierarchy

6.3.1.3 Theabove situationis reversedn the ballsscene.The mainreasorbehindthe better
performancef the R-treeis the factthatthe actualspheresio not overlap,but their bounding
volumesdo, andit is the boundingvolumeswhich drive the hierarchybuilding algorithms.So
the R*-tree tendsto join spheresrom two or more levels apart, sincetheir boundingboxes
overlapandthe spheresof the upperlevels are smallerandthusthe overlapis smaller This
problemdoesnot appeamwhenusinga volumemeasurdo build the hierarchy(like the R-tree
does).Soin theballsscenethe R*-treeresultsin biggerboundingvolumesin theintermediate

levelsof the hierarchy slowing down theray tracingprocedure.

Fromthe above we canderive thatpre-sortingthe objectsreally improvesthe quality of the
hierarchy but it is not alwaysdesiredsinceit implies a staticscene(no insertionor deletion
without reluilding the structure).Whenusingoneof the two R-treevariantswe mustkeepin
mind thatscenesvith complex objectsthatareconstructedvith overlappingsmallerpartsare

favoredby the R*-treeapproachwhereascenewith limited overlappingperformbetterwith
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theR-treeapproach.

It is alsointerestingto mentionthat the averagenumberof simple objectshit by a ray,
aswell asthe costfor eachobjectis almostthe samein all theseglobal view independent
hierarchiesThis meanghatthe numberof raysthatreachthe objectsis almostthe samein all
the hierarchiesWhatis differentis the traversingof the producecdhierarchieghow soonrays
arepruned,whatis the costof traversingeachintermediatenode,etc) and how closelythey
modelthe scenglaterseenin Figures6.15and6.17).

By examiningthe normalizedray tracingtimesof the View IndependenHierarchieqFig-
ure6.5),we obserethatthegearsscends theonedemonstratinghe smallesigrowth ratio for
all hierarchicatypes.In otherwordsthetimerising peraddedbjectin thescends small. This
impliesthatthereflectionandrefractionteststhattake placein the gearsscenecombinedwith
thetransparentayersof the gearsmake the costof addinga new layer quite small (compared
to the restof the calculations).Moreover, the factthatwe do not usea thresholdfor pruning
secondaryrays, rathercalculaterays until they exit the scene,causedn partthe non-linear
behaior of the gearsscene(more objectsensurefasterintersectionof raysandobjects,thus
earlierpruning). On the otherhand,in the Spherflalessceneaddinga new sphereintroduces
new intersectionandnew reflectionraysthathave to be computed.Finally, in the Treescene
addingobjectstranslateddirectly to moreintersectionsvith objectsandthusthe growth ratio

is smallerthanthatof the ballssceneput greaterthanthe gearsscene.

6.3.2 View DependentHierar chiesbuilt on 2D criteria

Unlike their view independenversion,the R-treeand R*-tree projectedhierarchiesperform
quitesimilarly in respecto timein all thegivenscenesndsizes but still the R-treeprojected
versionis a bit betterthanthe R*-tree one (asseenin Figure 6.6 whereprojectedhierarchies
arelabeled‘nameP”). This s to be expectedn fact. Sincewe arenottakinginto accountthe

third dimension the R*-tree aiming at minimizing 2D overlap,oftenjoins togetherbounding
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Figure6.5: Normalizedray tracingtimesfor view independenhierarchiedor all scenes

volumesthatresultin moreemptyspacen theinterior nodes.This couldleadusto expecta
muchworseperformancey the R*-tree comparedo that of the R-tree. This is not the case
becausedhe fact that thereis small overlap prunesraysearlierinto the hierarchyandforces

themto chosefewer possiblepaths.

Theseawo projected2D criteria) approachearedynamicallyupdatedascantheirrespec-
tive view independenhierarchies)but the NN projectedhierarchyoutperformghemin terms
of time in all caseqgeventhoughit is not dynamic). This indicatesthat the traversalcostof
a 2D hierarchy(which is deeperandwider in the NN case)is insignificantcomparedo the
benefitsof a hierarchythatcloselyrepresentshe scene.The above is truefor all intersection
types,whichindicatesthatthe useof a particularintersectiorschemeaffectsall the projected

hierarchiesimilarly.
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6.3.3 View DependentHierar chiesbuilt on 3D criteria

75

Thesehierarchiesalsoreferredas“dummies”, are original 3D hierarchieghat arethen pro-

jectedto the viewing andlights planes.As do their view independentounterpartsthe Top-

Down Binary Splitting oneis alwaysthebestin termsof time, andthe R*-treeandR-treeones

follow the sameprinciplesandbehaior astheirindependentounterpartsn all thescenes.

It is interestingo obsenrethatthedummyhierarchiesalwaysoutperformtheir counterparts

thatuse2D building criteria. Thisis anindicationthatthethird dimensionshouldbetakeninto

considerationin orderto modela scenemore closely (asseenin Figure 6.6, wheredummy

hierarchiesaarereferredto as“nameD”).
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6.3.4 Intersection Schemesn View DependentHierar chies

Theintersectiorschemesestedfavor differenttypesof scenesndtherenderingcostdepends
in parton the cameraandlight positions. Intersectionsandtraversalthroughthe hierarchical
structureis obviously fasterwhenusinga 2D test. Neverthelesswhenthe 2D boxes model
the objectsof the scenegpoorly, thena combinationtestfilters the numberof raysthereachthe
objectlevel, addinganoverheadat thetraversalprocessin all the examinedcaseghe useof a

3D testfails to give goodresults sincethereis no actualgainin thetraversaltime.

6.3.4.1 The2D intersectionschemds betterfor boththe 2D anddummyhierarchiesn the
Treescenethe combinationtestis bestfor all projectedhierarchiesn the gearsceneandin

the balls scenethe combinationschemas better(Figure6.8). Thereasorthe 2D testis better
in the Treescendies in the factthatthe angleof lights andof the viewing planeis suchthat
whenjoining 2D boxesatighter“area”is producedhanby projectingthe 3D box of thejoined
3D boxes(Figure6.7). Thusasmallernumberof raysreacheshelowestlevel of thehierarchy
with alow cost. Whenthe 3D testis addedit only contritutesinto the traversingtime, thus

renderingtheray tracingslower.

6.3.4.2 Inthegearsscengheangleof thecameraandthelights arein positionsthatproduce
loose2D boxesin thelowestlevel. Thisis propagatedvhenjoining the 2D boxestogether A
big percentagef theareain the2D boxesacrosghehierarchyis emptyandsomoreraysreach
thelowestlevel. Onthe otherhand,whena 3D testis added|t refinesthe numberof raysby

alsotestingthetighter3D boxes.

Whenit comesto choosingan intersectionschemethe angleof the lights or the viewing
planeis not always obvious. But as a criterion a large degree of 2D overlapping(hidden

objects)amplifiesthe effectsof loose2D boxes(andthe combinationschemeshouldbeused),
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Figure6.7: A simplecasewherethejoining of two 2D boxesis betterthanprojectingthe 3D

boundingvolumederivedfrom thejoining of their 3D counterparts.

whereasn scenesvith small2D overlappinga 2D intersectiorschemas fasterandis affected

little by theloosenessf the 2D boxes.

6.3.5 Overall Time Comparisons

Fromthetime datawe have gatheredt seemghatin the scenesvheresecondaryaysdom-
inatein number(balls,gears) the projected2D anddummy)hierarchieomevery closebut
never quite outperformthe view independenhierarchiegFigure6.9). This leadsusto believe
thatthe costof selectinga hierarchyis in factthebiggestslowdown of ourmethod.This choice
costalsoaffectsthetreescenesincethereare? lights (7*6 = 42 hierarchies)put theimpactis

lessenedbecausehe numberof raysthatneedto chosehierarchiess smaller

In orderto prove our point we testedthe Treeandthe balls scenewith a singlelight. The
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Figure6.8: Someof thetimesusingdifferentintersectiorschemesn projectechierarchies

resultsshav (Figure6.10)thatindeedthe projectedhierarchiesmprovetheir performancend
arequitefasterthantheview independenbnein thetreesceneandthedifferenceis amplified
asthe scenegetslarger The projectionhierarchiesarealmostasfastin the balls scene but
becausé¢herearereflectionandrefractionraysaswell, theoverheadf choosinga hierarchyis

moreapparenthanin thetreescene.

Although it is apparenthat lesslights reducethe costof choosinga hierarchy it is not
immediatelyclearif the costmentionedabose comesfrom determiningthe light of origin for
a shadaev ray or from identifying one of the 6 hierarchiesassociatedvith the light. This is
why, aswe mentionedin Chapter3, we alsotestedour sceneswith shadev raysthat have
“knowledge”of thelight they originatedfrom. In thesecasesve eliminatedthe choiceof light

of origin (Section3.2.1).Ourresultsshav (Figure6.11)thatindeedthe projectedversionsare
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Figure6.9: Someof thetimesfor all typesof hierarchies

acceleratedbut not greatly Sowe have cometo the conclusionthat choosingthe hierarchy

insideeachlight (oneof 6 possiblehierarchies)s costingmorethandeterminingthe light of

origin.

The above lead us to concludethat projection hierarchiescan indeedimprove the time

compleity of ray tracingin complex scenesprovidedthatthe numberof secondaryaysthat

needto betestedagainsthe hierarchiesandthe numberof hierarchieshemselesis low.

6.3.6 Other Observations

Number of objectshit by ray: In Section6.1we mentionedhatthe numberof objectshit

by aray givesa goodindicationof the quality of a hierarchy As seenin Figure6.12,the av-

eragenumberof objectshit in theview independenhierarchiess lessthanin all the projected
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approachesAs we suspectedview independenapproachemodelthe scenemoretightly. We
obsenre thatthe differenttypesof hierarchiegendto teemtogether:view independenbnes,
projectedonesbasedon 2D criteria, projectedbasedon 3D criteria. The similaritiesobsened
betweenthe hierarchicalapproachess a goodindicationthat althoughthe hierarchicalalgo-
rithmsof eachapproactaredifferent,thefactthatthecriteriausedaresimilar (2D or 3D) yields
similar qualities.In thistesting2D intersectiorschemas usedfor projectionhierarchiesn or-

derto give anaccuratemageof thetightnesf the hierarchiesthecombinationschemeends
to prunemoreraysanddistortthe results. This 2D intersectionrschemds accountabldor the
factthatthe projectedhierarchiedbasedon 3D criteria arelesstight thanthe actualprojected

ones.

The peculiarbehaior of all hierarchiesaroundsmall SF valuescanbe partially viewed
as artifact of small sceneswherethe costof usinga hierarchycan degradethe ray tracing

procedure.

Preprocessingtime: As we have mentionedn Chapters the preprocessingostof the ap-

proachegestedvaries6.13.

As far asthe hierarchicalapproachused,view independenhierarchieshave smallerpre-
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Figure 6.11: Someof the times for the original tree, balls and gearsscene. All projected
versiondfollowedby indicatethatthey arerenderedsothatshadaev rayshave knowledgeof

their light of origin.

processingime than their projectedcounterpartssincethey only createa single hierarchy
Whenit comesthe projectedapproacheshe onesbuilt on 3D criteriaare createda bit faster
thanthosebuilt on 2D criteria,becausgrojectingboundingboxesis cheapethanrunningthe

hierarchicallgorithmfrom scratch.

Whenit comesto preprocessingime of differenthierarchicalalgorithms,the fastestare
the R-treeand R*-tree algorithms,sincethey are approximationapproachesf
Althoughthe TDBS building is alsoof compleity, thesortingappliedbeforehands
anextrafactorintroducedn thepreprocessingme. Sothe TDBS s slightly slowerin termsof
preprocessingme thanthe R-treevariations.Finally the NN approachsinceit is of quadratic

compleity ( , iIs theworstin termsof preprocessingime. The above obsenrationsare
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Figure6.12: Avg numberof actualobjectshit by a ray for all scenesand hierarchicalalgo-

rithms.

bestdemonstrateth thenormalizedgraphg(Figure6.14).

Hierarchy Traversal Cost: Oneof the benefitsof usinga projectionhierarchyis the small
traversalcost,sincein our implementatiorit consistsof a point-in-rectangleheck. Whatwe
areessentiallycountingin an effort to demonstratehis fasttraversal,is the ratio of traversal
costover the numberof intermediateboundingvolumes( ) vs the sizefactor In
otherwords we give the averagecost of intersectingan intermediatenodeof the hierarchy
without consideringhe costof intersectinga simpleobjectat the lowestlevel of our structure.
OurtestingdemonstrateBow muchfastertheprojectedchierarchiesretraverseccompared

to their view independentounterpartgFigure6.15).
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Figure6.13: Preprocessingme for all scenesandhierarchicaklgorithms.

We notethat the intersectioncostin all approachess considerablysmallerin scenesof
high SFandin smallerscenegshereis a big slope.Thisis closelyrelatedto thefactthatin the
smallersceneghe averagesize of a boundingvolumeis biggerandthusthe averagenumber
of raystestedagainsit is larger Moreoverit is anindicationthatsmallerscenesio notreally
benefitfrom the useof boundingvolume hierarchies. The overheadof creating(especially
in projectedapproachesandtraversing(especiallyin the view independenapproacheshese
hierarchiesostsin fact morethanthe gain of pruningrays,asclearly seenin the normalized

graphof Figure6.16.

Per Actual Object Cost: As we have alreadymentionedprojectedhierarchiesarelesstight

thanview independenbnesandresultinto bigger numberof raysreachingthe last level of
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Figure6.14:Normalizedpreprocessingime for all scenesandhierarchicaklgorithms.

the hierarchiesthe actualobjects. The averagecostof intersectingan actualobjectis thusa
goodindicationof thetightnessof a hierarchy(Figure6.17). The patternsetby the numberof
objectshit by arayis alsoapparenhere.View independenhierarchiesnodelthe scenemore
closelyandthusprunemoreraysin the traversalprocess.We canalsoidentify againthe fact

thatsomescenesrein reality morecostlyto renderwhenusingahierarchy

As it is apparenin Figure6.17,the view independenhierarchiesnodelthe scenemore
closely thentheir projectedcounterpartssincea smallernumberof raysreacheghe lowest
level andthusa smallercostperintersectinganobjectis introduced Amongtheview indepen-
denthierarchieghe R-treeandR*-tree do not modelthe sceneascloselyasTDBS, sincethey

introduceanapproximatiorerror.

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

lesstraversalcostthanview dependentnes.

thatthe averagecostof intersectingan objectis lower in biggerscenes.In the scenedested

here whennew objectsareintroducedhey arealwayssmallerthanthe objectsalreadypresent.

This leadsto smallernumberof rays hitting the new objectsthanthe old, thuslowering the

averagecostof intersectinga simpleobjectin thescene.

Scaling: What seemsunexpectedin all the presentedscenesds the fact that althoughfor

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

linearly with the sizefactor the R-treevariantalgorithmstendto degradeasthe size of the

scenggetslarger (Figure6.4).

This linearscalingis the expectedbehaior sincethe sizefactorincrementshe numberof
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objectsin a sceneexponentially(for both the balls andtreescene).By usinga hierarchy for

thesetwo scenesywe expectan improvementwhere isthenumberof objectsaswe
have alreadymentioned.Therefor if is the sizefactor . For
thegearsscengheequvalentscalingthatwe expectis N B . Butthisis

notthe caseasseenin our overallnormalizedtimes(Figure6.19).

The unexpectedbehaior of the R-treevariantsin almostall the casescanbe attributedto
the absenceof a-priori knowledgeof the sceneasin the Top-Down Binary Splitting. More
specifically it is well known ([BKSS9(Q) that approximationalgorithmsdegradein quality

whenverylargeinstanceglargein respecto therestof thescenepreinsertedn the hierarchy

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

scenanoreclosely

actualpartof the scene.Theresultin both3D and2D hierarchieds unbalanceahildrenand
subtrees.Especiallyin the 2D hierarchiesbig floors tendto cover a big part of the viewing
planeandenlagethetotal areaof the scengthusthereis nofasttestto eliminatedirectionsfor

light hierarchies).

Fromtheseconsiderationsve concludethatthe floor of the sceness indeeda very “partic-
ular” objectandshouldnot betreatedik e therestof theobjectsthatarecontainedn thescene.
To prove our point we divided the floor in the tree and balls sceneand obsered the scaling
of thealgorithms(Figures6.20,6.21) Indeed afterdividing thefloor, all thetestedalgorithms
andintersectionrschemescaledin the sameway andall the normalizedtimeswherecloseto
linear. Thisindicatesthatobjectsthatareconsideredo be muchlargerthanthe averagefor a

sceneshouldbedealtwith in adifferentway.
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Figure6.18: Normalizedavg costfor intersectingactualobjects. Larger scenesostlessin a

perobjectbasis.

Furthermorewe canobsenre thatwhenthe split floor is usedthe projectedversionsof the
algorithms(bothbasedn 2D and3D criteria)performconsiderablyetterin thetreesceneand
slightly better evenin the balls scene.Finally the preprocessingostfor all the hierarchical
approachess amelioratedcomparedo the scenesvherethe floor is consideredas a single
entity.

Thisis indeedanindicationthatprojectionhierarchiesrequitefasterthantheir view inde-
pendenbneswhenobjectsareof similar size,evenwhenthe overheadf too mary reflection
andrefractionraysis so big asin the balls scene. Finally the preprocessingostfor all the
hierarchicalapproachess ameliorateccomparedo the scenesvherethefloor is viewedasa

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

6.4 Summary

Fromthethoroughtestingwe have conductedve have cometo theseconclusions:

Sortingtheobjectsof ascendeforebuilding ahierarchyyieldsmoreefficient structures,

but requires‘a priori” knowledgeof thescene.

Thetraversalcostof a 2D hierarchyis insignificantcomparedo the benefitsof a hierar

chythatcloselyrepresentthescene.

Averageareacriteriaarebetterfor scenesvith limited overlapping(hiddenobjects).



CHAPTER 6. TESTING AND RESULTS 90

RT Time RT Time
100 T T T T T 100 T T T T T
80 — 80 | -
M o
@ 60 R f”i 60 -
Py s
E 40 | ST S E 40 | i
20 - ,_A;_,\._z:,:f.;;’;f-~fij e 7 20 | .
O | | | | | 0
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Size Factor of Tree Size Factor of Tree with split floor
RT Time RT Time
300 T T T T 300 T T T T
o 250 | _
250 | — $ 200 -
o 150 - -
o 200 | — € 100 | -
3 ) = 50 ks 1
o 150 r . — 0 = L L
£ , 0 1 2 3 4 5
i~ 100 [ R - ; ; ;
Size Factor of Sphereflakes with spit floor
S0 - 7 TDBS ——
0 TDBSD -----
R*-tree -------- R-tree D - -
0 1 2 3 4 5 R-tree P R*-tree D -------- -

Size Factor of Sphereflakes

Figure6.20: Comparingscalingof hierarchicalpproachebeforeandafter splitting

Overlappingcriteria are betterusedwith sceneshaving large overlapping(hiddenob-

jects).

A largedegreeof 2D overlappingamplifiesthe effectsof loose2D boxes,socombination

intersectionsrepreferred.

In scenewvith small2D overlappinga 2D intersectiorhierarchyis faster

The costof choosinga hierarchybecomessignificantwhenthereis a big numberof

secondaryays.

Objectsthatareconsiderablyargerthanthe averagesizeof objectsnegatively affectthe

quality of the producechierarchyandslow down theray tracingprocedure.

Projectedhierarchiesarefasterin large andcomplicatedscenewith a smallnumberof
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Chapter 7

Conclusions

/7.1 Summary

In this thesiswe presenta new way of building boundingvolume hierarchiespusingthe pro-
jection of the boundingvolumesonto the imageplaneandthe light planes.We proposeand
testtwo alternatve usesof existing hierarchicalalgorithms. Firstly, we constructhierarchical
structuresusing only the information derived from the projectionof the boundingvolumes.
Secondly we constructthe view independentierarchyfirst and then we projectthe entire
structureontothe viewing planeandthelight planes.We shaw thatthe traversalof suchpro-
jected hierarchiesis much fasterthan that of their view independentounterpartsincewe

discardthetestsin onedimensionatthe costof extra preprocessingme.

Althoughthe traversalof a projectedhierarchyis fasterthana view independenbne,the
intermediatenodesof the hierarchydo not modelthe sceneas closely asthoseof the view
independentne. Thisis why we alsoproposeanalternatve intersectiorschemdor traversing
the projectedhierarchy The fasttraversalon two dimensionds refinedandif successfuthe
givenray is alsotestedagainstthe view independentolume equivalentto the projectedbox
tested.This way the numberof raysthat propagatessidethe hierarchyis limited andfewer

raysreachthelevel of theactualobjectsof the scenewhich areusuallyexpensve to intersect.
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With the testingwe performed,we demonstratedhat indeedprojectionhierarchiesmay
accelerateheray tracingprocedure.This accelerations evidentwhenthe numberof objects
in the scends big andthusthe costof intersectingobjectsandboundingvolumesovershadws
the costof choosinghierarchiesThusthefastertraversalmakesa differencein the overallray
tracingtime. The acceleratiorfrom projectionis alsoapparentn scenesvherethe numberof
possiblehierarchiego choosefrom is limited, thatis sceneswith a smallnumberof lights or

lights outsidethe mainbody of the scene.

7.2 Discussion

This thesishasprovided insight on the tradeofs in simplifying andacceleratingay tracing.
Many factorsareat play andby modifying onepartof the designsurelyanotheris 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 approachwhen secondaryrays comeinto play. In otherwordsthe fasttestsof rayson
2D boxes (comparedo 3D boxes) aretradedagainstthe lossof informationand of view
independence the approach.Thelossof view independencaccountdor the big numberof
generatedhierarchiesaswell asthe addedraversalcostof choosinghe appropriaténierarchy
The tradeof betweenfastertraversaland view independencéasproven to be beneficialin
somecasegspecificallywhentherearefew secondaryays)but hasnotin others.
Anothertradeof apparenin our work is the tightnessof boundingvolumesversusinter-
sectingcost. Tight boundingvolumesaccounfor lessray-objectintersectionsut take upmore
storagespaceareharderto computeandexpensve to test. Boundingvolumesprogressrom
sphereso AABB to OBB to k-dopsto convex hulls to unionsof convex hulls to objectsthem-
seles;intersectiorcostgrows with eachrefinementln our work this tradeof is demonstrated
by 2D and3D boundingboxes. 2D boundingboxesform looserhierarchieghatareneverthe-

lesseasielto intersect.In somecasefor instancevhentheray-objectestis too expensve, this
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tradeof worksin favor of tighterhierarchieg3D ones).Thisis thereasorbehindcombination
tests.

Most of the hierarchicalalgorithmsusedtoday are designedunderthe assumptiorthat
objectsn ascendendto have similarsizeandsoaimatbestaccommodatingnaverageobject.
Scene®ftendo notcomplywith thisassumptiorandvery large objectsareintroducednto the
structurg(for examplethefloors). As seenn ourwork, largerobjectsarebetteraccommodated
by the hierarchicalalgorithmswhen they are split into smallerpieces. Again a tradeof is
detectedetweerperformanceindthe uniform treatmenof all objects.

Finally, thereis a tradeof betweenbetterdynamicstructuresand speed. Projectedhier-
archiesare fastto traverse,but they needto be rekuilt whenthe cameraviewpoint changes
position (or the light position). This rekuilding processcan be put off somavhat whenthe
viewpointmovements small.

Tradeofs areindeedpresentin mary aspectf our work andof ray tracingin general:

tensionbetweerpreprocessingme andray tracingtime, time andspacesimplicity andspeed.

7.3 FutureWork

As we obsenedin ourresultsection projectedhierarchiesarereally fastto traversecompared
to their view independentounterpartsWe canfurthermoreacceleratehis traversal. All the
projectedhierarchiespresentedso far are oblivious of ary information concerningthe third
dimension.This factsurelycostsin termsof gettingsomefastvisibility testswheninsidethe
hierarchy We cancompromisehe projectionapproachyy addingsomeinformationconcern-
ing the -axis. More specifically we canalter the splitting criteriain 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. Thustheright childrenwill be visitedfirst andif thereis a hit there(andthereis no

overlapwith theleft child), we canimmediatelydiscarda setof objects.At this pointthe only
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informationkeptis thefactthechildrenarestoredorderedoy their distance.

Furthermore we obsered that the 2-dimensionaboundingboxes, derived from enclos-
ing the projectionsof the 3-dimensionaboundingboxes, are not as tight asthe original 3-
dimensionaboundingboxes,thustheneedin somecase®f arefinedcombinationintersection
schemeWe cangetoverthis particularproblemby usingfor eachprojectedhierarchybound-
ing boxesthat are axis alignedin the hierarchyplaneinsteadof in world coordinates.This
way the projectionswould becometighter, but an additionalcostwould be introducedin the

preprocessingme.

Moreover, we obsered that objectsbiggerthanthe averageobjectsizein the scenelike
floors,tendto deterioratahe quality of dynamicallybuilt hierarchiesgspeciallythe projected
ones.If floorswereto bedefinedasspecialobjects(with infinite boundingboxesfor instance),
thenthe form of the scenewould greatly change. This solutionswould help all hierarchies,
especiallythe2D ones sincesomeof thelightsthatarenow considerednsidethescenesolume
would ceaseto be so andthe hierarchieswvould not “stretch” to accommodatesuchbig and

skewedobjects.

The problemwith the above solutionis the fact that floors (walls, etc) would have to be
viewed asa differentclassof objectandspecialtechniquesvould have to be devisedfor their
ray tracing. Thesimplestway to dealwith sucha casethusis to split large polygons.This will
help the hierarchiego betteradjustand accommodat¢he smallerpiecesin a more efficient
way. As we demonstrateth our results,indeedsucha splitting amelioratedhe performance
of all hierarchiegreatly andthe projectedonesoutperformedheir view independentounter

parts.

The biggestslow down of our approachasseenin our results,is the fact thatraysneed
to be testedagainsta large numberof hierarchiesn orderto choosethe appropriateoneto
use.Neverthelessin mary caseghey arefasterthantheirview independentounterpartsThis
leadsus to concludethat the projectedhierarchiescanimprove the ray tracing performance

evenmoreif we move the selectionof the hierarchyto useto the pointwherearay is created
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whenthatknowledgeis availableat constantime compleity, insteadof , likein the
caseof shadav rays (where is the numberof lights). At this point, we have implemented
two casesfor dealingwith shadav rays. Accordingto the first, rays are createdand then
testedagainstall lights, in orderto presere a uniform approacHor all rays. Accordingto the
secondgachshadav ray is only testedagainsthe hierarchiesof thelight it wascastfrom. It
is apparenfrom our resultsthatthis 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 costcanbereducedf we replacethe useof
thelight cube(6 axisalignedhierarchieswith the useof the exactnumberof planesthatcan
accommodat@ given scene.For exampleif alight is on a partitioningplaneof the scene2
hierarchiesareenough.

In generalprojectedhierarchiesareasupgradeablastheir view independentounterparts
whenobjectsaremovedin thescene Thisis notthe casehowever whenthe cameraviewpoint
or the light positionchanges.In thesecaseshe projectedhierarchiescorrespondingo the
cameraor light needto berehuilt. This retuild canbe postponedomeavhatfor smallcamera
movements,but not indefinitely. In the future we also plan to look into 2D structuresthat
could be dynamicallyupdated(insteadof rekuilt), in orderto provide incrementalisibility
preprocessing.

Finally, projectionhierarchiescan be easily enhancedo accommodat®ther commonly

usedprocesses ray tracing,suchassupersampling:adiosity etc.
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