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Abstract

The ray-scenéntersectiontestis the mostcostly processvhena sceneis rendered.
This procesamay be improved using ary stratgy to be ableto speed-upt. Generally
ary strat@y usedis basedon the building of a spatialindexing in the scenedomainor
in theraysdomain. In this paper an acceleratiortechniquedormalizationis proposed.
Thisformalizationallows anoptimizerto bespecifiedaccordingo the spatialindex used.
Furthermorea formalizationof optimizercompositionis presentedFinally, we present
an expressionwhich allows to compareseveral optimizers,andselectthe onewith best
performancesThis formalizationis basedon the graphicsobjectstheoryand claimsto
be ageneralizatiorio all optimizerswhich usespatialindexing.

Keywords: Graphicsobjecttheory spatialindexing, ray casting,acceleratiortech-
nigues.

1 Intr oduction

Usuallytheprogramsasednraytracingincludeacceleratiotiechniquesn ordertoimprove
theray-scendntersectiontest. Severalworks have beenproposedn this subject. Glassner
[10], Fujimoto andlwata[8] presentedechniquedasedon both uniform andnon-uniform
spatialsubdvision, usinga regular 3D grid andan octreerespectiely. Both stratgjiesare
basedn subdvisionof a3D regionwhichincludesthewholesceneln thesetechniquest is
necessaryo designanalgorithmfor computingtheintersectiorbetweeraray andthe spatial
structure.

Arvo andKirk [3] proposedanothertechniquecalled”ray classification”. It consistsof
partitioningthe five-dimensionaspaceof raysinto small regionswhich areencodedas5D
hypercubes.Each hypercubels associatedvith a list of sceneobjectsthat are totally or
partially inside.



Hainesand Greenbeg [13] proposeda strateyy to improve the shadav test,via thelight
buffer. Thistechniquds only usedin raytracingfor spotor directionallight sources.

Basedntheabovetechniquessomeeffort hasheendevotedto developnew algorithmsto
traversespatialindexing schemesln orderto improve thetraversingprocessisinga regular
3D grid, several works were proposed[1, 8, 7]. Other paperswere presenteddescribing
improvementdo the basicoctreetraversalalgorithm(5, 7, 9, 16, 18, 21].

Therearealsoavailabletechniquesvhich employ otherschemesuchasthe hierarchical
boundingvolumes[17, 12] andbinarytrees[23].

As it hasbeenmentionedabove, alot of effort hasbeenemployedin the developmeniof
efficient solutionsto the problemof ray-scenentersectiortest.

In this paperwe proposean abstractmodel of a genericoptimizerasa function which
selectsaasetof candidatebjectsfor agivensceneandagivenray. We alsoproposeamodelof
optimizerbasedn spatialindexing andtwo strateiesto obtainnew optimizersby composing
otheroptimizers.

Thepaperis organizedasfollows: In section?2 acomparatiewith respecto otherrelated
work is presentedln section3 several conceptsdefinitions,andnotationsaregiven. In sec-
tion 4, anabstractharacterizatioof a strict optimizerandan optimizerarepresentedSec-
tion 5 presentsereralcomposition®f optimizersandtherecursve optimizersarepresented.
In section6, anefficiency measuremeris proposedFinally we includeour conclusionsand
plannedfuturework.

2 Previous Work

With respecto our previouswork presentedn [15], the maindifferencedetweerthatwork
andtheonepresentedherelie in the definitionof anoptimizerandits properties.

Basically thatreferencantroducedan optimizerasa pair of elementsthe spatialrepre-
sentation(a setof graphicsobjectscalledvolumetric objects)obtainedfrom the scene and
thetraversalfunctionwhich returnsthe volumetricobjectsintersectedy a givenray. How-
ever, in this paperan optimizeris definedasa function which returnsa subsef candidate
sceneobjectsfrom a given sceneanda givenray. This definition of optimizer canmodel
ary acceleratioriechniquebecausés moregenerathanpreviousone,asit focusesnoreon
behaiour andexternal propertiesthan on structure.Now we view the optimizersbasedon
spatialindexing asa subclas®f amoregeneraloptimizersclass..

Moreover, thatreferenceresentsheconcepbf spatialindex functionasafunctionwhich
returnsa subsebf sceneobjectswhich canbe intersectedy a ray from a spatialrepresen-
tation. Sceneobjectsobtainedthroughthis function are potentialyintersectedy theray, as
they intersectvolumetricobjectsalsointersectedy theray.

Other outstandingdifferencebetweentheseworks is in the conceptof composedpti-
mizers. In this work, the samekinds of composedptimizersare presentedut now using
adifferentformal framework, derive from the new, moregeneral definition of anoptimizer
Furthermorea new kind of composedptimizerbasedn the sequentiatompositionof op-
timizersis presented.



Finally, anoptimizationefficiency measuremeris presentedThis measuras presented
asaway to comparehetime efficiency of anoptimizerwith respecto thenull optimizet

3 Concepts,Definitions and Notations

We focus on optimizersthat improve the ray-objectintersectiontest using a spatialindex
scheme. This schemes a representatiornf the spatialdistribution of sceneobjects. It is
composedf a setof voxels,which will be calledherevolumetricobjects Eachvolumetric
objectcontainsinformationof a subsebf sceneobjects,which arecontainedn it. Theray-
objectintersectiontest performsthe testwith eachvolumetric objectand returnsa list of
sceneobjects.

To formalizethe optimizerbehaiour, we usethe graphicobjectstheory[24, 25] andan
initial work aboutoptimizerswhich wasproposedn [15].

3.1 Graphic Object Theory

A graphicobjecto is apair (4, ), in which: p is afunctioncalledpresencéunctiondefined
asp : R — P, whereP is a presencalomain,and« is a function called aspectunction
with domainin R® andrangein T', whereT is calledaspectiomain.

We adoptaspresencelomaina subsebf R, moreconcretely P = {0,1} C R. Using
this presencelomain,a graphicobjectis equivalentto anarbitrarysetof pointsin space.

TheaspecdomainT is notdefinedbecauseét is not necessaryn the currentframenork.
We only needthe spatialregion occupiedby a graphicobject.

Thesetof all graphicobjectsis denotedoy O.

For eachgraphicobjecto € O, we definethe spatialregion Vol(o) C R? asthesetof all
pointsp € R? suchthatu(p) = 1. Formallyit is:

Voe O, Vol(o) = {pe R | p(p) = 1} 1)

wherey is the presencdunctionof o

The null or emptygraphicobject,denotedby ¢, is the uniquegraphicobjectsatisfying

thefollowing property
VpeR® pu(p)=0

where¢ = (u, @). This graphicobjectfulfils Vol(¢) = & (® denoteshe emptysetof
points).

The presencalomain(thatis, thesetP = {0,1}), satisfiesthe propertiesof a boolean
algebra.This presencelomainincludesoperatorsuchastheunion(V), theintersection(A),
andthe complemen(~). For ary pair of valuesa, b € {0,1} thefollowing expressionsre
fulfilled:

aVvb Max(a, b)
alhb Min(a, b)

~a = 1l—a



whereMin andMax have the usualmeaning. Thereuponthe setof graphicobjectsO
inheritsthis booleanalgebrastructure.

The union of two graphicobjects,o; = (u1,@1) andos = (u2,a2), is anobjecto =
(1, &) whosepresencdunction y satisfieshefollowing expression:

VpeR® u(p) = p(p) V pa(p) )

Thegraphicobjecto canbewrittenaso; U o0s.
Theintersectionof two graphicobjects,o; = (u1, 1) andos = (u2,as), is anobject
o = (u, o) whosepresencéunctiony satisfieghefollowing expression:

VpeR® u(p) = p(p) A pa(p) (3)

Thegraphicobjecto canbewrittenaso; N os.
For ary graphicobjecto; = (u1, ¢1) its complements agraphicobjecto = (i, @) such
that:
Vp e R p(p) =~ i (p) (4)

Thegraphicobjecto will bewrittenas~ o;

4 Optimizer Abstract Characterization
4.1 Rays

When a optimizeris usedinto a renderingsystem,its behaiour can be understoodas a
functionwhichreturnsa subsebf candidateobjectsfor a givenray anda scene.Thenumber
of returnedsceneobjectsmustbe lesserthanthe numberof objectsin the scenejn orderto
reducethe numberof ray-objectintersectiortests.

We candefinearay asa graphicobject. A rayr is agraphicobject(yu, ) suchthatexists
auniquepointg € R3, andauniquedirectionvectoru € V suchthat:

1 if3teR" | p=q+tu
0 otherwise

VpeR ulp) = { (5)
whereRt C R is the subsebf realvaluesstrictly greaterthanzero,andV is the setof unit
lengthvectorsin R®. The pointq is the origin of theray, andthe vectoru is the directionof
theray. Everyray hasassociate@ uniqueorigin anda uniquedirectionalvector

Fromthe above definition, we deducethatthe volume of a ray is aninfinite half-line in
R3. Thesetof all raysis denotedoy R..

A ray anda graphicobjectmayhave somepointsin common thatis, they mayintersect
Whenthishappenswe canmeasureghedistancdrom theorigin to thenearestommonpoint,
andthiswill be a positive realvalue. Whenno intersectioroccurs,we saythatthis distance
is infinite.

In orderto formalizethis conceptwe definethe setR* asR* = R U {oo}, whereoo is
ary elementhatit is notincludedin R. This valueis usedto denotea infinity distance.By
definition,ary valuez € R holdsz < oc.



4.2 Intersecting Raysand Objects
Letr € R, bearay, andleto € O beagraphicobject,we defineS(r, o) asfollows:
S(r,0) = {teR | plg+tu)=1} (6)

wherey is the presencdunction of o, ¢ is the origin of », andu is the directionvector of
r. WhenS(r,0) # ®, anintersectioroccursbetweerthe ray andthis graphicobject. When
S(r,0) = ® nointersectioroccurs.

Function S returnsthe setof distancesrom the origin to all pointsin the ray which
belongsalsoto the volume of the object. In fact, we only needthe lowestoneof thesereal
values.

We definethe function I with the samedomainof S andvaluesin R*. For eachr € R,
ando € O it holds:

te) = { S0 1 5000 £ 3 0

whereinf denotegheinfimumof asetof realvalueswhichis alwaysdefinedevenfor graphics
objectwhosevolumeis nota closedregion.

The maininterestof the above definitionsconsistsof determiningwhich graphicobjects
in agivenscenaareintersectedy agivenray.

In whatfollows, we will usethesymbolS to meanthe setof all scenes.

4.3 ObjectsIntersectedby a Ray

Letr € R bearay, andlet s € S beascenewe defineC(r, s) asthe setof graphicobjects
intersectedy r, asfollows:

C(r,s) = {o€es | I(r,o) £} (8)

C(r,s) will containthe graphicobjectsin s intersectedby r. Therefore,the condition
C(r,s) C s holds.

We alsowantto know thenearesintersectedraphicobjectswith respecto therayorigin.
Letr € R bearay, andlets € S beascenewe defineC,,(r, s) asthesetof nearesgraphic
objectsintersectedy r asfollows:

Cn(r,s) = {o€s | I(r,0) #
A o €s | I(rd) < I(r,0)} ©)

TheexpressionCy, (r, s) C s is alsosatisfied.

4.4 Strict Optimizer

An optimizerreduceshe numberof candidateobjectsfor the intersectiontest. Obviously
whenareducedsetof scenebjectsis obtainedwe getanimprovementn termsof execution
time.



Let A beafunctionwith domainin R x S andvaluesin S. A is astrictoptimizerif and
only if it fulfils thefollowing condition:

VreR,VseS, C(r,s) € Ar,s) C s (10)

In otherwords,a strict optimizerselectsa subsef the sceneobjects. The optimizer A
yields a setof objectsintersectedy a ray, and possibly otherobjectswhich are not inter-
sectedThebestoptimizeris onewhichholdsC(r, s) = A(r, s), whereasheworseoptimizer
is onewhich alwaysholds A(r, s) = s, thatis, it awaysyieldsthewholescene.

4.5 Optimizer

Thereare applicationswherewe only needthe nearesibjectintersectedy a ray (or the
nearestebjects becaus@ mayhapperthattherearemorethanoneat minimumintersection
distance)In orderto modelthis requirementve introducethe definition of anoptimizer An
optimizeris a function of the sameclassthat a strict optimizer However the conditionwe
imposeto the setof returnedobjectsis wealer, andthusthe classof optimizerscontainsthe
classof strict optimizers.

Let AT beafunctionwith domainin R x S andvaluesin S. AT is anoptimizerif and
only if fulfils thefollowing condition:

VreR,VseS, Cu(r,s) C Af(r,s) C s (11)

It is easyto provethatary strictoptimizeris anoptimizerby usingtherelationC,,(r, s) C
C(r, s) which alwaysholds.

4.6 Spatial Representation

A spatialrepresentatiorfrom now on SR, is a setof graphicobjects. Thesegraphicobjects
will becalledvolumetricobjectsor voxels Thesetof all possiblespatialrepresentationsill
becalled€. Whentheonly differencebetweertwo spatialrepresentationis consistdn their
aspecfunctions,we consideboth spatialrepresentationsquivalent.

Letm beafunctionwith domainin S andvaluesn &, thisfunctionm is aspatialindexing

method(from now on SIM) if andonly if for ary givenscenes = {o1, 0, ...,0,} andary
givenSRe = {vy, va, ..., v, } thefollowing equalityis satisfied:
U 0; g U ’Uj (12)
i=1 j=1

This setof graphicobjectsis usuallysimplerthanthe original scenejn the sensehatthe
ray objectintersectiontestcanbe donefasterfor volumetricobjectsthanfor original scene
objects. This propertyis essentiafor ray castingspeed-uppecausave canintersectthe
ray with volumetricobjectsanddiscardthe sceneobjectswhich areincludedin volumetric
objectsnotintersectedy theray.



In orderto determinethe ray-scenantersectiortest,a functionto obtaintheintersection
betweeraray anda SRmustbedefined.

Letr € R bearay,lets € S beasceneandlete € £ beaSR,we considetthatwhenan
intersectioroccursbetweeranobjecto € s andavolumetricobject,this volumetricobjectis
alsointersectedy theray r.

This setis notedas¥(r, s, ). This setis moreformally definedasfollow:

U(r,s,e) = {o€s|Ivee/vNo#e¢d AN vNr # ¢} (13)

Obviously, ¥(r, s,e) C s is alwayssatisfied.

4.7 Optimizer BasedOn Spatial Indexing

Therearemary differentclassef optimizers. Our attentionwill be focusedon a sub-type
or category. This sub-typewill be calledoptimizes basedon spatialindexing.

Let A be anoptimizet A is an optimizerbasedon spatialindexing if andonly if the
following propertyis fulfilled:

ImeM /VseS, reR, A(r,s) = ¥(r,s,m(s)) (14)

Notethatfor eachoptimizerbasedn spatialindexing, thereis a uniqueSIM associatedo it
(ascanbededucedrom theabove condition).

Whenan optimizer of this category is implementedone SIM mustbe implementedas
well. Thatis, the necessanalgorithmto build m(s) mustbe designedandimplemented.
Normally, a datastructureresidingin memoryfor the SRm(s) mustbecreated.

After thatit is possibleto processa setof rays. For eachray in thatsetwe mustcompute
which voxelsareintersectedFromthis setof voxelswe obtainthe setof objectsintersecting
them.Thefunction ¥ modelsthis algorithm.

5 ComposingOptimizers

Whenan optimizeris usedthe main goal is to obtain an efficient SR. That s, for a given
sceneanoptimizermustbeselectechaving into accountheobjectsdistributionin thescene.
Dueto scenecompleity, it is not alwayseasyto selectthe mostappropriatecptimizer In
this case,it would be interestingto make a partition of the scene. Each partition can be
processetby usinga differentoptimizer In short,we have severaloptimizersappliedto one
singlescene.

This problemwascalledby Glassneasthe problemof a teapotinsidea stadium Thatis,
avery complex andrelatively small setof objectsinsidea very simpleandbig one. In these
casesthe availablespatialrepresentationgerenot asfastasexpected.A possiblesolution
wasto considersomestratgyy to composetwo o more differentspatialrepresentationsas
waspointedoutin [11] asfuture efforts.



Themaingoalis to determinewxhich optimizersareappropriatedo usefor a givenscene
[4, 2.

In casedor which it is not easyto find the optimizerwhich hasthe bestperformances,
we proposewo waysto composeoptimizers:

e Sequential This is very usefulwhen,for a given scene several optimizerswill have
betterperformanceshana uniqueoptimizer Fromaninitial SIM, the SRis built. In
thosevoxelswith arelatively greatnumberof objects,a secondansRis applied.

e Parallel: We canusethis when, for a given scene thereis uncertaintyor doubtto
determinethe bestoptimizer The main goalis to executein parallelor concurrently
severaloptimizers(simpleor composedequentially) For eachray andeachoptimizer,
a subsetof intersectedbjectsarereturned. The final resultis the intersectionof all
objectssubset.

In the following sectionsthe above describedptimizersareformally defined.

5.1 SequentialComposition

As it wasmentionedn the previous section,the maingoalis to separatehe complex scene
into simplersubscenedWith this purposdn mind, a new optimizermaybe appliedfor each
volumetricobjectv € m(s).

We will definethe sequentiatompositionasfollow:

Let A; bean optimizerbasedon spatialindexing, let m be SIM associatedo A4, and
let A, beary optimizer For any rayr € R andary scenes € S, theresultobtainedwhen
m is appliedto s is a spatialrepresentatiom:(s) includingn volumetricobjectsor voxelsas
follow:

m(s) = {vi,vs,...,0,} (15)
In theseconditions,we saythat A, is the sequentiatompositionof 4; and A, (notedas
A, = A; | Ap)if andonly if the A, is the optimizerwhich holdsthefollowing condition:

Ay(r,8) = U As(r,e;) (16)

wheree; is thesubscenef s includingobjectswhich intersect;, thatis:
ei = {oes|onu; # ¢} (17)

It is easyto prove that the sequentialcompositionis not commutatve nor associatie in

general.
However, when A4, is alsoanoptimizerbasedn spatialindexing thenthe following two

conditionshold:

e TheoptimizerA; | A, is alsobasedon spatialindexing.
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Figurel: An exampleof sequentiatomposition.

e Forary optimizer Az, it holdsthat
Ar | (A2 ]| A3) = (A1 | A2) | 43 (18)

This formalism can be usedto obtain formal modelsof several optimizerspreviously
proposedy severalauthorq19, 20, 14, 4, 2, 22, 6].

Oneexamplefor a sequentiacompositionis shavn at figure 1. This figure shavs usa
compositionof anoctreeanda 3D grid.

5.2 Parallel Composition

Parallelcompositionis very usefulwhenwe have acomplex sceneandwe do notknow ema
priori which optimizeris the bestoneto reducethe costin termsof executiontime. In these
caseswe canusethe concurrentor parallel executionof two or more optimizers. We will
definethe parallelcompositionof two optimizersasfollow:

Let A; and A, betwo optimizersletr € R bearay, andlets € S beascene.We say
that A is the parallelcompositionof A; and A, (notedasA, = A; || 4) if andonly if
A, is theoptimizerwhich fulfils thefollowing condition:

A (Ta 3) = A (Ta S) n A (7’, 3) (19)

An exampleof a parallelcompositioris shavn atfigure 2. Herewe shaw two optimizers
basedn spatialindexing. Thefirst oneis basedna 3D Grid (Ag), andtheseconds based
onanOctree(A4p). Thisfigureshavsusthat Ay returnslessobjectsthan Ag. Thatis:

Card(Ag(r,s)) > Card(Ao(r,s))

In this case the parallelcompositionis very usefulbecause reducechumberof objectsis
returnedfor mostof theraysin this scene.
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Figure2: An exampleof parallelcomposition.

5.3 Recursive Optimizers

Therearemary stratgiesavailableto build a SR basedon a hierarchicalpartitioningof the
scene Examplesf theseareoctreeq10, 8], binarytreeg23], boundingvolumeshierarchies
[12]. All theseoptimizersmaybedescribedasrecuisiveoptimizes.

This definitionis very connectedvith therecursionconceptandthe sequentiatomposi-
tion. With thesepremisesa recursie optimizercanbe definedasfollows:

Let A beanoptimizerbasedon spatialindexing, let B be alsootheroptimizerbasedon
spatialindexing. A is arecursve optimizerif andonly if it satisfies:

A=B|A (20)

An appropriatedxampleof this groupof optimizersis anoctree.An octreecanbe seenasa
sequentiatompositionof regulargrid (containing2 x 2 x 2 voxels)with itself.

6 An Optimization Efficiency Measurement

Using the above definitionsandresults,an optimizationefficiency measurementanbe de-
fined. This measurementonsistsof computingthe numberof objectsthat an optimizeris
capableao rejectfor a setof raysandagivenscene.

A way to getthis measuremeris to usea randomdistribution of raysfor a given opti-
mizerandscene.For a singleray, we cancomputethe relatve numberof candidateobjects
selectedwith respectto the total numberof sceneobjects. The relative gain in efficiency
canbe computedasthe weightedaverageof this fraction for every possibleray (eachray
contribution mustbe weightedby the probability for that ray to occurduring usageof the
optimizer).

This measuremenf efficiency canbe formally expresseddy introducingfunction M,
which is definedfor every 3-tuplecomposedf a optimizer, a sceneanda probability mea-
sure P onray spaceR. The function hasreal values(in theinterval [0, 1]) andis defined



as:
n _ Card(A*(s,r))
M(A™,s,P) = ' Card(s) dP(r) (21)
whereCard is thefunctionwhich returnsthenumberof elementsvhicharein aset,and P(r)
is a probability measurdunction which modelsthe probability distribution of the raysto be
processed.

ProbabilitymeasureP depend®n the usageof the optimizerin a renderingsystemthat
is, differentdistributions will appearfor differentrenderingalgorithmsor, in general,for
differentapplicationsof the optimizer For instancewhena simpleray castingis applied,in
mostcasegheraysstartfrom the obsener andreacha particularsurfacepoint of the scene.
However, for otheralgorithmsraysmay have their origin on light sources.

7 Conclusionsand Futur e Work

In this work, a formal model of optimizeris proposed. This formal modelis shavn asa
function that reducesthe numberof candidateobjectsfor the ray-objectintersectiontest.
Moreover, amodelfor optimizersbasedn spatialindexing hasbeenproposed.

Two formal modelsof composedptimizerhave beenpresentedthe sequentiabndpar
allel compositionjn additionto the recursve optimizers.

In this formalism,a measureunction to studythe performance®f any optimizerwith
respecto otheronewasproposed.

As futurework, we areplanningto producedefinitionsof concreteoptimizersby applying
this formal framework.

With respecto the efficiency measurementye arealsoplanningto studythis function.
Normally, this is basedon a uniform distribution. In termsof implementationwe have into
accountthe renderingalgorithmappliedand a reducedsampleof the all raysis considered
to obtain an approximateestimationof this measurdunction. Obviously, from two given
optimizersand whenthis measurds known, one of theseoptimizerswill be more suitable
thananother

In short,an optimizerwill be betterthananotheronewhenit is capableto reducethe
averagenumberof candidateobjects.

This measuremertanbe usefulto selectthe bestoptimizer Noticethatin this casethis
measuremerdoesnot take into accountwhetherthe optimizeris basedon spatialindex or
not. It only obtainsthe performanceof an optimizerwith respecto a null optimizer It will
alsoallows to comparethe performancesf two optimizers.
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