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ABSTRACT

This researchexaminesthe useof geometrictransformationsasa generalsolution

for simulatingtheappearanceof objectslocatedinsiderefractive materials.In thepast,

refractionhasbeensimulatedeither using ray castingschemesor texturing methods.

Raycastingcanproducehighly accurateresults,but tendsto beprocessorintensiveand

non-interactive. On the other end of the spectrum,texturing methodstend to be fast

but relatively inaccurateapproximationsof refraction. This researchdemonstratesthat

refractioncanbesimulatedusinggeometrictransformsin a mannerthatis bothfastand

accurate.
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CHAPTER 1

INTRODUCTION

Refractionis an importantfeaturein producingconvincing computergraphicsim-

agery. Theabsenceof refractionin ascenewhereit wouldbeexpectedis oftenapparent

to a viewer. Consideran imagecontaininga pool of wateror a glassvessel. If these

objectsdid not refractlight, viewerswouldnoticesomethingamiss,andthecomposition

of theobjectsthatshouldberefractingwould becalledinto question.Hence,in scenes

containingsuchobjects,refractionprovidescluesaboutthecompositionof therefractive

materialto theviewer.

For this reason,refractionhasbeenthe subjectof active research. Someof this

researchhasfocusedon more accuratelysimulatingthe physicalpropertiesof refrac-

tion. Although suchwork hasbeenableto producehighly realistic images,physically

basedrenderersdo not run at interactive framerateswithout the highly optimizeduse

of hardwareor parallelprocessing.This makessuchmethodsprohibitive to thegeneral

user.

At the otherendof the refractionproblem,someresearchhasattemptedto merely

produceplausibleapproximationsof refraction,but to do so at interactive framerates.

Generally, this forcestheauthorto makesimplifying assumptionsaboutthesurrounding

geometryor the shapeof the refractor. Although suchalgorithmscan often give the

impressionthatrefractionis occurring,they mayalsogivemisleadingimpressionsof the

objectandits surroundingsdueto thesimplifying assumptions.

This work bridgesbetweenthe accurate-but-slow and the fast-but-inaccuratesolu-

tions by creatinga methodthat givescorrectappearancesat interactive framerates. It
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accomplishesthis taskby usinggeometrictransformsof scenegeometryto reproduce

theappearancea givenobjectwould have if it hadbeenrefracted.Theuseof geometric

methodsin this mannerhasbeenattemptedpreviously andhasbeenshown to produce

plausiblerefractionat a fractionof thetime requiredby ray castingmethods.However,

thus far, the useof geometrictransformsto simulaterefractionhave beenlimited to a

smallsetof refractorshapes.Thisworkexploresmethodsto applythespeedof geometric

algorithmsto all refractorshapes.

This work focusesexclusively on refraction that results from a single changeof

directionto thesightrays.Suchasituationwouldoccurif theviewer’ssightrayentereda

refractivemediumthroughapointon its surfaceandthennever left thissecondmedium.

The surfacethat separatesthe mediumin which the viewer is setandthe mediuminto

which they are looking is referredto as a refractive membrane or just membranein

this thesis.Examplesof this sort of scenewould be looking into a pondor otherbody

of water. This researchdoesnot concernitself with scenesin which thesightraysbend

multipletimes.For example,in ascenecontainingaglassbottle,whenonelooksthrough

thebottleatanobjectbehindit, thesightraysbendtwice: oncewhenenteringthebottle,

and againwhen exiting. Refractive objectsthat a user looks through,as opposedto

into, in order to view an objectwill be called lensesandarenot studiedin this work.

Finally, thiswork is primarily interestedin thecorrectplacementof geometryto simulate

refractionanddoesnot concernitself with correctlylighting theseobjects.

In additionto thedevelopmentof thealgorithm,theresultsareanalyzedfor accuracy.

This is doneby comparingthe imagesproducedby the algorithm againstray traced

versionsof thesamesceneto verify theapparentplacementof refractiveobjects.Further

analysisis performedby comparingthe algorithm’s placementagainstthe theoretical

positiona virtual vertex shouldhave. In this way, it is hopedthat this work presentsa

convincingargumentfor thepotentialof usinggeometricmethodsto simulaterefraction.



CHAPTER 2

BACKGROUND

Refractionhasbeenanactivesubjectof researchin computergraphics.This chapter

outlinesthe previous work that hasbeendonein simulatingrefractionin renderedim-

ages.Thischapterwill alsolook at themathematicaldescriptionof therefractiveprocess

itself in orderto betterunderstandthephenomenon.

2.1 Previous Work

Although this researchfocusesexclusively on the refractionproblem,it is alsonec-

essaryto discusssomeof thework thathasbeendonein reflectionaswell. This is due

to thefact thatmostmodernmethodsfor producingrefractionin imagescantracetheir

originsto techniquesdevelopedto solve thereflectionproblem.Similarly, therefraction

algorithmpresentedin this work is basedon Ofek andRappoport’s [26] reflectionalgo-

rithm, makingthe problemsthat promptedtheir work relevant aswell. Becauseof the

closeassociationbetweenthetwo areasof research,thissectionwill provideasummary

of bothreflectionandrefractionmethods.

Thusfar, mostresearchinto simulatingreflectionandrefractionhasfallen into three

categories:ray tracing,texturing methods,andgeometrictransformations.Themethods

focusondifferentaspectsof theproblem,andeachmethodhasits own relativestrengths

andweaknesses.Thesestrengthsandweaknesseswill be discussedin turn alongwith

somemethodsthat have beendevelopedto addressinherentproblemswith eachtech-

nique.
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2.1.1 Ray Tracing Methods

Raytracingwasintroducedin computergraphicsin 1968[2] but did notbecomepop-

ular in thegraphicscommunityuntil the1980paperby TurnerWhitted[41]. Whitted’s

paperfirst proposedthe useof ray tracingasa meansof simulatingreflectionandre-

fraction. Ray tracing solves reflectionand refractionproblemsby tracing sight rays

from the user’s eye throughthe scenegeometry. The ray directionsarechangedbased

on the physical mechanicsof how light is reflectedor refractedoff objects. Doing

this simulatesthe physicalprocessesthat govern thesephenomenaand,asa result,the

algorithmproducesimagesthathaveveryrealisticappearances.Thedisadvantageof this

techniqueis that theprocessis computationallyintensivesinceevery pixel in theimage

mustcorrespondto at leastoneray which, in turn,mustbecomparedrepeatedlyto find

intersectionswith thescenegeometry. As imageresolutionandscenecomplexity grow,

this expenseincreasesaswell.

Whitteduseda Phonglighting model[29] to determinetheamountof light reflected

andrefracted.This is anempiricalmodelwhich,althoughit is fastandgivesaplausible

appearance,is not physicallyaccurate.Physicallybasedmodelshave beenproposedas

an improvement[4, 9, 37] andhave beenintegratedinto ray tracingroutines,but these

modelsalso tend to increasecomputationtime. ChristopheSchlick [31] proposeda

model that took into accountseveral physicalpropertiesthat the Phongmodelmissed

(energy conservation, Fresneleffects,etc.) andcreateda lighting model that allowed

the userto vary complexity basedon the needfor realism. More significantly, Schlick

describesa simpleapproximationof the Fresnelequationthat allows it to be factored

into the lighting computationat little cost. The resultwasan improvementin physical

accuracy over thePhongmodelwithoutasignificantincreasein renderingtime.

Although theseenhancementshelp improve the realismof the renderedscene,they

do not solve ray tracing’s mostseriousdrawback: computationalexpense.Several re-

searchershaveinvestigatedmethodsto meetthischallenge.Oneof themostsuccessfulof
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thesehasbeenthedevelopmentof accelerationstructures.Thefirst accelerationstructure

suggestedwastheuseof boundingvolumes.Boundingvolumesareshapeswith simple

intersectioncalculationsthatsurroundoneor moreobjects.By determiningthata given

ray doesnot intersectsomeboundingvolume,all intersectiontestswith the geometry

insidethevolumecanbeavoided.Thismethodwasintroducedby Whittedin hisoriginal

paper[41] andfurther developedby a numberof other researchers[30, 23, 15,40]. A

secondmethodis to performspatialsubdivision of thescene.In this method,thescene

is partitionedinto volumes.Thesevolumesarethencategorizedby whetherthey contain

the edgeof somescenegeometry. By classifyingall spacein this manner, it becomes

possibleto quickly eliminaterays that have no chanceof intersectingany geometry.

Severalresearcheshavedevelopedmethodsalongtheselines[14, 21,20, 13]. Theseand

otheraccelerationstructuresareoutlinedin the1985survey by Arvo andKirk [3]. These

methodscanimprovethespeedof aray tracerby ordersof magnitude.However, despite

thedegreeof this improvement,mostraytracerswill still notoperateat interactiveframe

rates.Moreover, assigningthescenegeometryto thesestructurescanbetimeconsuming,

whichmakesthesemethodslessusefulin dynamicscenes.

Anothermethodthathasreceivedagooddealof attentionis theuseof geometryother

thanraysto tracesight paths. HeckbertandHanrahandeviseda methodcalled“beam

tracing” wherein“beams”areusedinsteadof simplerays[16]. A beamis definedasa

line segmentthat is sweptthroughthe scenegeometry. Whena surfaceintersectionis

detected,thebeamis subdividedandthesub-beamscontinueto tracethroughthescene.

Theproceduredoesresultin aspeedimprovementandproducescorrectreflectionsfrom

planarreflectorssincethey would result in a linear transformof the beam. However,

curved reflectionandall refractionmap poorly to suchan enhancementbecausethey

representnonlineartransformations.As a result,thereis not a simpleway to transform

beamsto representtheir effects.Anothermethodin a similar vein thatwasdevelopedat
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roughly thesametime is called“conetracing” [1] whereinintersectionswith conesare

computed,althoughtheprimarypurposeof thiswork wasto reducealiasingartifacts.

Formellaet al. [12] found a way to accelerateray tracing algorithmsin animation

by takingadvantageof spatialandtemporalcoherencebetweenframes.Thepremiseof

their work is that thedifferencein relative objectpositionsbetweenconsecutive frames

is likely to be small, and hencethe rays will follow similar pathsthroughthe scene.

They capitalizeon this by keepinga “ray history,” which can be usedin subsequent

frames. However, althoughthe authorsnoteda two-fold speedupon averagein their

implementation,this is still not sufficient to produceinteractive framerates.Moreover,

thealgorithmis not aseffective if theuser’s eye positionmoves,sincethis changesthe

relative locationof all objectsin thescene.

Oneof themostpowerful methodsof improving the framerateof ray tracedscenes

hasbeentheuseof parallelprocessing.Becauseeachray is independentof every other

ray, groupsof rays can be assignedto different processorsand their pathscomputed

in parallel. This hasallowed complicatedscenesto be renderedat interactive frame

rates[28]. Unfortunately, parallelprocessing,by definition, requiresaccessto a large

numberof processors.As only academicor industrialenvironmentsarelikely to have

accessto this amountof processingpower, largescaleparallelprocessingis not always

anoption.

Sometechniqueshave soughtto combatthe computationalcomplexity problemby

combiningray tracingwith scanline techniques[34, 38]. Thesealgorithmsray trace

only the portionsof imagesthat cannotbe accuratelyrenderedusingnormalscanline

algorithms,suchasobjectsthatarereflectiveor refractive. Thisdoesprovideasignificant

accelerationof therendering,but to maintainimagequality andinteractive framerates,

this methodstill relieson somelevel of parallelprocessing.Thusthemethodis still not

asolutionavailableto all users.
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Wald andSlusallekhave produceda summaryof accelerationmethodsfor ray trac-

ing [39]. In their conclusionthey claim that throughthe aggressive useof hardware,

either throughthe developmentof specialpurposeray tracing hardware or by careful

constructionof theprogramto takeadvantageof memoryandothercapabilities,thegoal

of realtimeraytracingis realizableevenwithouttheuseof parallelprocessors.However,

althoughit is possibleto implementthesesolutionson mostmodernarchitectures,each

architecturewould requirea customtailored implementation.Technologyhasnot yet

advancedenoughto provideageneralsolutionalongtheselines.

In conclusion,ray tracinghasdemonstratedthatit is capableof producingphysically

accurateapproximationsof thebehavior of light in sceneswith reflective andrefractive

materials.In factmany authorsuseraytracedimagesasastandardagainstwhichnew re-

flectiveor refractive techniquesarejudged[7, 26]. However, thecomputationalexpense

of thealgorithmremainsprohibitive in mostsettings.Theability to performinteractive

ray tracing, althoughdemonstrablypossible,is entirely dependenton the renderer’s

ability to takemaximaladvantageof theavailablehardware.For this reason,production

of a real time ray traceroftenrepresentsa significantinvestmentof resources.As such,

theuseof ray tracingrenderersis generallyreservedfor casesin which interactiveframe

ratesarenota requirement.

2.1.2 Texturing Methods

Thefirst methodto producereflectionfrom curvedsurfaceswas“environmentmap-

ping,” developedby Blinn andNewell in 1976[5]. This methodtakesadvantageof the

fundamentallaw of physicsthat,for aperfectlyreflectivesurface,theangleof incidence

equalstheangleof reflection.Giventhatnormalsatany positiononanobjectarealready

availablefor lighting calculations,it is possibleto quickly andefficiently computethe

directionof a reflectedviewing ray. Blinn andNewell usedthis reflectionvectorasa

lookupinto a texturemap.In this way, it is possibleto mapanimageof thesurrounding
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sceneontothesurfaceof theobjectin sucha way that it lookslike theobjectis actually

reflectingthis scene.

Although this methodhasproven to be very efficient, it containssomelimiting as-

sumptions.Specifically, becausethetexturelookupis performedusingthedirectionsof

reflectedrays, two pointson an object that producedthe samereflectedray would be

mappedto thesamepartof theenvironment.Althoughthis is anacceptableapproxima-

tion if theenvironmentis alongdistanceawayfrom thereflector, it becomesincreasingly

lessaccurateasthereflectedobjectgetscloserto thereflector. A secondchallengein the

useof environmentmappingis the creationof the environmentmapitself. A seriesof

photographsthat provide a coveringof the spacearoundthe objectcanbe warpedand

used,but any renderedgeometrywill poseaproblem.Thisgeometrywouldnotbepartof

theinitial sceneimageandmustbeintegratedinto theenvironmentmapsomehow. This

canmeanthatadditionalimagesmustbe renderedof thescenefrom theperspective of

thereflectorin orderto createthemap.Thiscanbeacomputationallyexpensiveprocess.

For example,creatingacubemaprequiressix additionalrenderingpassesbemade,each

of which would needto be recomputedif the viewer, reflector, or any reflectedobject

wereto move.

Therecanalsobe a problemwith discontinuitiesin the texture. Blinn andNewell

useda sphericalcoordinatelookup for their mapping. This, however, meansthe two

polesaremappedto the entireupperand lower rows of the texture imagesproducing

two singularitieson themappedreflector. Severalothertextureprojectionschemeshave

alsobeenusedbut all havesingularitiesor otherartifacts.Thischallengewasmetby the

creationof view independentenvironmentmapsby Heidrich andSeidelin 1998[18].

Unlike previous solutions,this allowed a relatively artifact free environmentmap as

viewedfrom anarbitrarylocationwithout asignificantincreasein computation.

Therehasalsobeensomework doneatincreasingtherangeof materialpropertiesthat

canbeexpressedusingenvironmentmaps.Themostbasicenvironmentmapsassumea
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perfectlyreflective surface,which doesnot exist in reality. Several techniques[17, 22]

havebeendevelopedto simulatemorediffusereflectors,aswell asreflectorsthathavea

greaterspecularreflectionin certaindirectionssuchasturnedmetal.Thesehaveallowed

environmentmapsto bettersimulatea widervarietyof objects.

Theuseof texturesfor refractionis basedon a conceptsimilar to environmentmaps.

In essence,arefractorwouldbetexturemappedin suchawaythatthecolorsmappedto a

particularpointontheobjectareappropriateto whatwouldbeseenif thesightrayof the

viewer wasactuallyrefractedthroughtheobject.Therearetwo methodsthathave been

usedfor this effect. The first takesadvantageof environmentmappinghardware that

exists in many moderngraphicscards. This hardwareperformstexture lookupsbased

on vectordirections.However, insteadof usingthereflectionvectorfor the lookup,the

programwouldcomputethedirectionof theexiting refractionvector[19]. Unfortunately,

this methodhasthesamelimiting assumptionastheenvironmentmapalgorithmin that

it is only correctif theenvironmentis locatedat a greatdistancebehindtherefractor. If

theobjectis nearby, this mappingwill bevisibly incorrect.

A secondmethodis to actually warp the texture coordinatesof a textured plane

positionedbelow therefractor. This canbedoneeitherprocedurally[25] or by sparsely

castingraysinto therefractive mediumandinterpolatingwherethey hit anunmodified

texturedbackdrop[6]. Althoughthis methoddoesprovide a solutionto therequirement

that the backgroundbe far away from the refractor, it requiresthat the backdropbe

roughlyplanar. If this is not thecase,theplanarnatureof thebackdropusedto display

thewarpedtexturecanproducevisibleartifacts.

Thesemethods,both called “refraction mapping,” can easily be madeto work in

real time andprovide plausibleapproximationsof refractionproviding their bounding

assumptionscanbemet.However, they aretied to theaforementionedassumptionsand,

if theseceaseto be true, the imagewill displaynoticeableinaccuracies.Moreover, as
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with environmentmapping,thesemethodsassumethatrefractedgeometryis static.Any

changesin thebackgroundgeometrywould requirea re-renderingof therefractionmap.

2.1.3 Geometric Methods

A third optionfor modelingreflectionandrefractionis to performgeometrictransfor-

mations.This is basedon theobservationthat reflectioncanbesimulatedby creatinga

”virtual object”on theothersideof a reflectivesurface[11]. Whenthereflectivesurface

is planar, this transformationwill be correctregardlessof the locationof the viewer as

demonstratedin Figure2.1. In this image,theblackcircle representstheactualobject,

thewhite circle representsa virtual objectplacedbelow thesurfaceof thereflector, and

thedottedcirclesrepresentstheviewer’seyepositions.Thisvirtual objectappearsat the

correctpositionanddistancerelativeto theviewerto producetheillusion thatthesurface

is reflectingtheoriginal object.

Theusualprocedurefor this techniqueis to renderthesurroundingscenes,reflectthe

world to theothersideof the reflectingplane,andthenrenderonly wherethereflector

is visible. Suchtechniquesareoften calledmultipassrendering[10]. Stencilbuffers,

commonto mostmoderngraphicscards,makethealgorithmpossibleatinteractiveframe

rates.

�

�

	�
 
 
 
 
 
 
 
 
 
 

�
� � �

� �
�	�� � � � � � � � � � � � � � � ���
� � � � �

� ���

Figure2.1. Reflectionoff aplanarsurfacefrom two eye-points.
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In orderto know how anobjectshouldbetranslated,it is necessaryto know thenormal

of thereflectoratthepointwherearayfrom theviewerwouldreflectin orderto strikethe

object.Thenormalandthepointof intersectionwith thereflectordefinetheplaneacross

which theobjectwould be reflected.Sincethenormalof a planarreflectoris constant,

the translationcalculationis trivial. Unfortunately, the situationbecomessignificantly

morecomplicatedif the reflectoris not planar. This is dueto the fact that theeffective

planeof reflectionis differentfor geometryin differentplacesin thesceneandchanges

asthe viewer moves. As a result,dependingon wherethe useris, the reflectedobject

mayappearat differentlocationson thereflectorasshown in Figure2.2. As before,the

blackcircle is thesceneobject,thedottedcirclesrepresenttwo differentviewpoints,and

thewhitecirclesrepresentthetwo virtual objectsassociatedwith thetwo eyepositions.

Moreover, if thereflectedobjectis large,differentpartsof anobjectmaybereflected

acrossdifferent planes. This accountsfor the stretchingand shrinking one seesin a

fun-housemirror. Concavereflectorsaddyetanotherlevel of difficulty asasingleobject

maybereflectedfrom morethanonepoint on thereflector.

ChenandArvo [7, 8] proposedusingperturbationtheoryto solve this problem. In

their methoda sparsesetof raysarecasttowardthereflectorandintersectionswith the

surroundingscenearerecorded.The gapsin the sparsetracingarethenfilled in using

�

�
� � �

� �
�	 
 
 
 
 
 
 
 
 
 

�
� � �

� ���	�� � � � � � � � � � � �
Figure2.2.Reflectionoff acurvedsurfacefrom two eye-points
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perturbationtheoryto evaluatehow thedirectionof thereflectedraywouldchangegiven

changesin thesurfaceof thereflector. Thesereflectedraysindicatewhichverticeswould

needto be transformed.At the sametime, it canbe assumedthat the normalsat each

point of the reflectorarealsoknown. As such,enoughinformationexists to transform

the surroundinggeometry. The limitation of the methodis that it mustbe possibleto

representthereflectorusingimplicit equations.Althoughmany formsof geometryhave

a readyimplicit description,it is extremelydifficult to developan implicit equationto

describeanarbitrarypolygonalmesh.

A secondmethodwasproposedby OfekandRappoportin 1998[26]. In thismethod,

rays are cast towards eachvertex on the reflector. Each facet of the reflector then

definesa cell, which is boundedby the reflectedrays. Together, the cells of all the

facetspartition the spacewhereobjectscould potentiallybe seenin the reflectorfrom

thecurrenteye position. To createa virtual vertex, onedetermineswhich cell contains

the correspondingvertex of the original object,calledthe true vertex, andthe vertex’s

barycentriccoordinatesrelative to the reflectedraysthatdefinethecell. Given thecell

andthebarycentriccoordinates,it is possibleto interpolatebetweenthefacet’s vertices

to find thepoint of intersectionon thereflector’s surfaceandbetweenthefacet’s vertex

normalsto find theinterpolatednormalat thispoint. As this is enoughto definetheplane

of reflection,thetruevertex canthenbetransformedto createa virtual vertex.

Geometrictransformshavealsobeenusedto approximaterefraction[10]. Thetheory

behindusinggeometrictransformsis that correctlyplacedvirtual objectscanapprox-

imatethe effectsof refractionin the sameway they simulatereflection. In Figure2.3

we seehow a virtual objectcouldbeusedto representa trueobjectthrougha refractive

medium.As before,theblackcirclerepresentsthetrueobject,thewhitecirclerepresents

thevirtual object,andthedottedcircle representstheviewer’seyeposition.

Note that the virtual object is closerto the membranethanthe true object. In fact,

the length of the ray from the surfaceof the refractorto the virtual object is shorter
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Figure2.3.Refractionthroughaplanarsurface.

than the ray to the true object. This effect is called foreshorteningandoccursas the

light rays travel througha mediumwith a different refractive index than the viewer’s

medium[35, 36]. If theviewer’s index of refractionwerelowerthanthatof therefractor,

the objectwould appearto be closer. Likewise, if the viewer wasin a materialwith a

higherindex of refraction,theobjectwould appearto bemoredistant.Themechanisms

thatgovernthisphenomenonarethesamein eithercaseandwill becalledforeshortening

in both instances. Figure 2.4 demonstratesthe effect of foreshorteningon a planar

surface.In thisfigure,thedottedcircleat thetoprepresentstheviewer’seyeposition,the

dashedline is theboundarybetweentwo substanceswith differentrefractive indices,the

bottomline representsthe a solid objectbeingobserved by the viewer, andthe curved

line representstheapparentpositionof thebottomrelative to theviewer.

Theuseof geometrictransformationsto simulaterefractionwassuccessfullydemon-

Figure2.4.Foreshortening.
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stratedby Diefenbach[10]. Diefenbach’stechniqueassumesaplanarrefractorandusesa

modifiedperspectivematrix to achieve therefractioneffect. Theideais basedon theob-

servationthatif oneback-tracesrefractiverayswhenviewing therefractorathighangles,

theraysappearto convergeto a singlepoint. By resettingtheperspectiveappropriately,

onecan producea scenethat appearsapproximatelycorrect. Unfortunately, even for

planarsurfaces,theconceptof apointof convergenceis only anapproximationandonly

works if theviewer is looking into therefractive mediumat a relatively high angle.As

theanglegetslower, theerror in theapproximationincreases.Figure2.5 demonstrates

the lack of a true point of convergence,even whena refractoris viewed from directly

above. In this image,the dottedcircle representsthe user’s eye position,dashedlines

show theoriginal sightrays,andthesolid linesshow theback-tracedrefractionrays.

In addition, the useof a perspective matrix to simulaterefractiononly works for a

planarrefractor. If onewishedto have a curved refractor, this techniquewould not be

sufficient to produceplausibleresults.

Figure2.5. Theback-tracedlinesof refractionat awide angle.
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2.2 Mathematical Preliminaries

Thephysicalphenomenonof refractionis fairly well understoodandcanbeexpressed

throughanumberof mathematicaltheorems.Themostfamousof theseis Snell’s law:

�� 
!#"%$'&� )(*��+�!,"-$'&.+ (2.1)

where &� is the angleat which the ray strikes the refractive membranerelative to the

membrane’s normal, &.+ is the angleof the refractedray relative to the negative of the

membrane’snormal,and �� and ��+ aretherefractive indicesaboveandbelow themem-

brane,respectively. Figure2.6demonstratesthephysicalprocessesdescribedby Snell’s

law.

As it is ofteneasierto treatraysasvectors,Equation2.2 [32] is oftenusedin algo-

rithmsto computethedirectionof refractedrays:

/ ( �� 103254768032:9;6=<,<�>+ 4?6 @AAB C 4 � +  0 C 4D03259;6E< + <� ++ (2.2)

where 2 is the direction of the original ray, 6 is the normal at the point where 2
intersectsthe membrane,and

/
is the directionof the refractedray. Oneof the nice

propertiesof this equationis thatif theinput vectorsarenormalizedtheresultingvector

will benormalizedaswell.

Of course,Equation2.2immediatelybegsthequestionof whatto doif thevalueunder

thesquareroot is negative. In sucha casetheangleof incidenceandrelative refractive

� � ��� � � ���
F ND

R

&� 
&.+

Figure2.6.Snell’s law.
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indicesaresuchthat light is unableto crossthe membraneat that point andis instead

reflected,a phenomenoncalledtotal internal reflection. The inequalityin Equation2.3

describesthevariousvaluesnecessaryfor suchaphenomenonto takeplace.

!,"-$�0G&� ,<IH �>+�� (2.3)

Note that this inequalitycanonly besatisfiedwhenthe interior index �>+ is greaterthan

theexterior index �� . Theanglethatmarkstheonsetof total internalreflectionis called

thecritical angle.

A secondproperty important to simulating the refractioneffect is foreshortening.

As describedearlier, light will appearto travel differentdistancesthroughmediawith

different refractive indiceswhen viewed from outsidethat media. This accountsfor

the magnifyingeffect producedby placingan object in a smoothbody of water. The

foreshorteningequationis notempiricalbut canbederivedusingSnell’s law [36]. Equa-

tion 2.4describesthis behavior.

JLK ( �� �>+ J (2.4)

where
J

is theactualdistancetheray travelsthroughthemedium,and
J K

is theapparent

distancetheray travelswhenviewedfrom outsidethis medium.

CombiningEquations2.1 and 2.4 yields the interestingresult that a virtual vertex

will bedirectly “above” thetruevertex, where“above” is definedasthedirectionof the

normalat thepointwheretheincomingraystrikesthemembrane.This is apropertythat

refractionshareswith reflection.Thederivationis asfollows. Figure2.7showsthesetup

for this derivation.
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Figure2.7.Setupfor proof of Equation2.5
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Anotheraspectof both reflectionandrefractionthat renderersfrequentlyattemptto

simulateis the degreeto which a particularviewing anglechangesa surface’s ability

to reflect or refract light. Often called the Fresnelterm, this propertydescribesthe

behavior of objectswhereinthey appearto becomemorereflectiveandlessrefractiveas

theviewing anglebecomeslowerrelativeto thesurface.For anexampleof this,consider

a panelof glass.Whenlooking directly into thepaneloneseeswhatever is behindthe

glass.In otherwords,theglassdoesnot appearvery reflectivebut is very refractive. On

the otherhand,if oneviews the panelat a low angle,for example,with one’s eye an

inchor soabovethepanelandlookingalongthepanel’s length,thenonewill seeafairly

clearreflectionoff the surfacewhile the materialon the othersideof the glasswill be
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lessdistinct. In otherwords,at this low anglethepanelis morereflective thanrefractive.

This is a subtledifference,but includingit addsa lot to therealismof a renderedscene.

TheFresneleffect is describedby theFresnelequationshown in Equation2.6 along

with associatedassignments[27]:h ( i�_kjml�abi`nI_�$`oLj%nqprnsa�tun1n1$da,i`nuv^"%nwtxnsV\_k$`yzabi`nuj%"%oki�a{!,Wk]`V,|sn} ( |1WL!.0~h�<� ( �� ��+� + ( � +{� } + 4 C� 03}s<�( 0���4?}s< +c`0~� � }s< +�� C � 0G}k0�� � }1<�4 C < +0G}k0���47}s< � C < +k� (2.6)

where
� 03}s< is a valuebetween0 for no reflectionand1 for perfectreflection.Theresult

is thefractionof theincominglight sourcethatwould reachtheviewer.

SinceEquation2.6 is relatively expensive to compute,the Schlick approximation,

developedby ChristopheSchlick,is oftenusedinstead:

� ( � ��4 C� � C
� +� 03}s<�( � � 0 C 47�k<10 C 4?}s<�� (2.7)

As before,theequationproducesanumberbetween0 and1 indicatingfractionalspecular

reflectanceat the given angle. The error introducedby this approximationis quite

small and, in practice,tendsto result in no significantdifferenceover the full Fresnel

equation[27].

Equations2.6 and2.7 describethe specularreflectanceof a light sourceoff a given

surface.In generalwewish to know theoverall reflectanceatagivenangleto determine

how clear the reflectionis at this point. For this calculationwe substituteh in Equa-

tions2.6and2.7with &� [33]. In doingso,theabove equationscomputethefractionof

thereflectedlight energy thatwould reachtheviewerat thegivenviewing angle.



CHAPTER 3

ALGORITHM

Thebasicalgorithmpresentedin this researchis relatively simple. It is designedto

simulatea scenecontainingtwo mediawith differentrefractive indiceswith the user’s

eye in onemediumandan objectin the second.This situationcausesthepositionand

shapeof the observed object to be alteredbasedon the indicesof refractionand the

viewing anglesinvolved. The algorithmdevelopedduring the courseof this research,

henceforthreferredto asthe research algorithm, allows theverticesof theobjectto be

transformedin sucha way asto provide an accurateappearanceof this movementand

warping.

Becausethismethodconcernsitself only with singlemembranesasopposedto lenses,

it is importantto notethatthealgorithmassumesa refractorthatis anopensurface.For

example,themethodcouldbeusedto refractthroughthesurfaceof abodyof watersince

themembranebetweentheair andthewateris anopensurface,but not throughclosed

objectssuchasbottlesof liquid or glassspheres.

This chapterwill describethecentralalgorithmfocusingon areasof particularcom-

plexity in theimplementation.Thediscussionof thealgorithmwill alsoincludeseveral

smalladditionsthatcanbeusedto enhancetherealismof theimageproduced.

3.1 The Core Algorithm

Thecorepartof thealgorithmpresentedherecanbedividedinto threesteps:

1. Computethemembrane’s cells. Eachfacetof themembranehasonecell. Thecell

is cappedononeendby thefacetitself andboundonthesidesby therefractedsight

raysthroughtheverticesof thatfacet.
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2. Determinewhich cell containsagiventruevertex andusethis to computea virtual

vertex.

3. Renderthevirtual verticesin suchawayasto createacompleterefractedobject.

It is not alwaysnecessaryto performall threestepsevery time the sceneis refreshed.

Thefollowing sectionswill discusseachof thesestepsin detail.

3.1.1 Cell Creation

Cell creationis the first stepin the researchalgorithm. Eachcell correspondsto a

singlefacetof the piece-wiseplanarapproximationof the membrane.Any true vertex

locatedwithin a cell can be seenthrough that cell’s facet from the viewer’s current

position. Together, all the cells of the refractordescribethe volume that canbe seen

throughtherefractor’s surface,calledthevisiblevolume. This researchassumesthatthe

facetsof the refractoraredefinedusingtriangles,althoughany facetingschemewould

work andcanbereadilyadaptedto this method.Cellsonly needto berecomputedif the

positionof theviewer’s eye changesrelative to therefractor. In this case,changingthe

view by rotatingtheeye orientationwithout changingits positionwould not necessitate

this stepberepeated.

To computethecellsof therefractor, it is necessaryto go througheachof therefrac-

tor’s verticesandcomputethedirectionof therefractedsight rays,calledthe refraction

rays in this research,given the indicesof refractionandtheviewer’s eye position. For

eachsightray, giventherefractor’ssurfacenormalat thatvertex, it is possibleto quickly

computethedirectionof therefractedraythroughthatpointusingEquation2.2andusing

therayfromtheviewer’seyeto therefractorvertex astheoriginalsightraydirection.The

directionsof therefractedraysarethenstoredfor usein thenext stepof thealgorithm.

Therearetwo specialcasesthat mustbe handledin this step: positive dot products

and total internal reflection. Technically, under theseconditions,thereshouldbe no

refractive ray throughthat particularvertex. However, if no ray is createdfor a given
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vertex, no cellscanbecreatedfor any adjacentfacets.Theresultwould bethatall such

facetswould displayno refractedgeometry. This leadsto two problems.First, thebad

vertex mayonly representthefacet’s conditionat oneendandrefractioncouldnormally

happenovermostof theareaof thefacet.In thiscase,theabsenceof any visiblerefracted

geometrythroughthefacetwill benoticeablyincorrect.Thesecondproblemis that if a

true vertex is not insidesomecell, no virtual vertex canbecreatedfor it. If a polygon

is missinga virtual vertex it will not be possibleto draw the virtual polygon,even if

theotherverticesof thepolygonwerewithin cellsandhadvirtual vertices.In this case,

the virtual polygon would not be displayedeven thoughmost of it shouldbe visible.

Thus,althoughit is not physicallycorrectto do so, we would like to createrefraction

raysto allow thecreationof cellsfor all refractorfacets.This would allow usto display

geometrythat would otherwisebe impossibleto draw due to missingvirtual vertices.

This is doneby creatingequationsto extrapolatethe behavior of refractionraysto the

previously mentionedsituations.Overall theuseof extrapolatedrefractionimprovesthe

appearanceof imagescreatedusingtheresearchalgorithm.

If the dot productis positive, this indicatesthat, accordingto the definition of the

surface,the sight ray is actuallypassingout of the refractorsurfaceratherthaninto it.

This mayhappendueto facetingartifactseven if someof the facetsthis vertex bounds

facethe viewer’s eye. To producea refractionray for this vertex we usea modified

versionof Equation2.2wherethedot productof theray from theeye andthenormalis

assumedto bezero.

/ (*2 �� �>+ 4?6 @AAB C 4 � +  � ++ (3.1)

The effect is that the sight ray is treatedas if it wereorthogonalto the normalof the

vertex. As a result,whenthe viewer’s eye moves,the directionof the refractionrays
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move smoothlywith no jumping whena vertex switchesfrom front to backfacingor

viceversa. Evenwhenthereis noswitchin front/backfacing,therefractedraydirection

matchesthemovementof its surroundingrayssmoothlyastheuser’s eye moves. As a

result,it is virtually impossibleto pick out raysthatusedEquation3.1 from thosethat

undergo normalrefraction.

The processfor extrapolatingrefractionrays in placesof total internal reflectionis

likewise simple. As mentionedearlier, total internal reflectionoccurswhen the value

underthesquareroot in Equation2.2becomesnegative. Technically, light shouldnotbe

ableto crossthe membraneat this angleandshouldinsteadbe reflected.However, as

statedbefore,we wish to createanextrapolationof therefractionraysin orderto create

cells for all facets. This is doneby simply taking the negative of the valueunderthe

squarerootandthennegatingtheresultof thesquareroot function.

/ ( �� 10G2:4�6�032:9;6=<#<��+ � 6 @AAB 4 � C 4 � +  0 C 4�03259�6=< + <� ++ � (3.2)

Theresultingray will have a positivedot productrelative to thenormalof therefractor.

This producesthe impressionthat the original sight ray is bouncingoff the refractor,

althoughthe ray producedis not a true reflectionray. As with Equation3.1, the rays

producedby Equation3.2 integratesmoothlywith raysproducedby correctrefraction,

bothwheneyemovementwouldresultin avertex changingfrom producingtotal internal

reflectionand otherwise. As a result, both equationsappearto smoothlyextrapolate

naturalrefraction.

It shouldbenotedthat,althoughEquation2.2 producesnormalizedresultswhenits

inputsarethemselvesnormalized,thesamecannotbesaidof eitherEquations3.1or 3.2.

In bothcases,therefractionraysmustbenormalizedbeforethey arestored.
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3.1.2 Cell Containment

Onceeachvertex on therefractorhasanassociatedrefractionray, onecanattemptto

usethecellsdefinedby theseraysto testfor containmentof anobject’s truevertices.A

facetwhosecell containsa given true vertex is calledthe vertex’s sight facetsincethe

vertex would be visible throughthat facet. Upon determininga vertex’s sight facet,a

virtual vertex canbecomputed.Thismustbedonefor eachtruevertex in thescene.

The current algorithm usesa naive approachto find the sight facet for eachtrue

vertex. For eachfacetof the refractingsurfacea planecontainingthe true vertex is

found. Several methodsweretestedfor defining the orientation(normal)of the plane

for this computation.Methodstestedincludeusingthenormalof thefacet,theaverage

of the facet’s vertex normals,andthe averagerefractionray direction. All threemeth-

odsproducedsimilar error values,but therearedegeneratecaseswith both the normal

methodswhentotal internalreflectionoccurs.Usingtheextrapolatedrefractionformulas

from Equations3.1and3.2thisconditionmayproducecellscontainingspacebothabove

andbelow thesurfaceof agivenfacet.If thecurvatureof therefractoris small,thefacet

or averagenormalsmaybeunableto createaplanethatsimultaneouslycontainsthetrue

vertex andthatis intersectedby thefacet’s refractionraysasrequiredby thenext stepof

thecell containmenttest. As such,theaverageof thefacet’s refractionraysareusedin

this work to definetheorientationof theplane.

Oncetheplanecontainingthetruevertex is found,therefractionraysareintersected

with this plane.Theseintersectionsform thethreepointsof a trianglecorrespondingto

theintersectionof thecell with theplane.By usingbarycentriccoordinatesit is possible

to computewhetherthe true vertex is within the triangle formedby theseraysand, if

so, its positionwithin the triangle. If the true vertex is not insidethe triangle,that cell

doesnot containthis vertex andthenext cell is checked. This processis repeateduntil

a cell is found that containsthe true vertex or all cells have failed to do so, the latter

indicatingthat thetruevertex wasnot in thevisible volumeandhenceno virtual vertex
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canbecreatedfor it. If thetruevertex is foundto becontainedby thecell, thebarycentric

coordinatesarere-appliedto the respective verticesof the facetto determinethe point

on thefacetwherethesight ray would bendin orderto hit thetruevertex. This point is

calledthesightpoint of thetruevertex.

Oncethe sight point is known, it is simpleto createthe virtual vertex. The virtual

vertex would be along the ray from the viewer’s eye throughthe sight point, but at

a fraction of the distancebetweenthe sight point and the true vertex as describedby

theforeshorteningformulashown in Equation2.4. Anotherway to computethevirtual

vertex would be to usethebarycentriccoordinatesto find thenormalat thesightpoint

andthenintersectthe ray from the true vertex traveling in the directionof the normal

with arayfrom theeyetravelingtowardsthesightpoint. However, usingthescaledsight

raygenerallyprovedeasier. Theelementsinvolvedin performingacell containmenttest

areshown in Figure3.1.

It shouldbenotedthatasingletruevertex canproducemultiplevirtual vertices.This

is dueto thefactthat,for somecombinationsof refractiveindicesandshapesof refractor,

cellsmaycrossindicatingregionsthatcanbeseenthroughtwo or moreseparatefacets.

Theseregionsarecalledzonesof convergencein this work. Figure3.2 demonstratesa

truevertex in a zoneof convergencethatproduces30 virtual vertices.In this imagethe

white dotsarethevirtual vertices,thelight pink linesarethesightraysfrom theviewer,

the magentalines show the refractedrays, the purple lines representthe cells the true

vertex is containedin, andtheyellow objectis thesurfaceof themembrane.

Zonesof convergenceposea major challengeto the researchalgorithmin that it is

unclearhow onewould reconnectsetsof multiple virtual vertices,especiallygiventhat

twoconnectedtrueverticesmayhavedifferentnumbersof correspondingvirtual vertices.

Thisproblemwasnotedby OfekandRappoport[26] whenmodelingconcavereflectors.

Their responsewasto ignorethe problemon thegroundsthat the region would appear

chaoticto the viewer, and henceproviding a completelyaccuratesolution would not
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Figure3.1.Thecell containmenttest.
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Figure3.2. Cell containmentin azoneof convergence.
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greatlyenhancethe appearanceof the scene. This researchdoeslikewise andsimply

treatsthefirst virtual vertex foundasthe“real” virtual vertex for a giventruevertex. It

shouldalsobenotedthat,althoughtheremaybemultiple sightfacetsfor a givenvirtual

vertex, therewill only beonesightpoint for eachfacet.This is dueto thefactthateach

facetwill only produceoneplanecoincidentwith thetruevertex.

As mentionedbefore,thecell containmenttestsmustbeperformedfor eachvertex of

everypieceof geometrythatcouldbevisiblethroughtherefractorin thescene.Oncethis

hasbeencompleted,every truevertex thatcanbeseenthroughtherefractorwill have a

correspondingvirtual vertex associatedwith it. It shouldbenotedthatif thecellsremain

unchangedandaparticularpieceof geometryalsodoesnotmoverelativeto therefractor,

it is not necessaryto recomputeits virtual vertices.However, any movementon thepart

of the geometrynecessitatesthat all its virtual verticesbe recalculated.Movementof

the eye relative to the refractingsurfacechangesthe cells andhencerequiresthat all

objectsin the scenehave their virtual verticesrecomputedregardlessof whetherthey

havemoved.

3.1.3 Rendering

Onceall geometrythatcanpotentiallybeseenthroughtherefractive membranehas

completesetsof virtual vertices,thescenecanberendered.Renderingof thesceneuses

a two-passmethodutilizing the stencil buffer available on most graphicscards. The

methodis the sameas is usuallyusedto renderreflectedobjectssuchasdescribedin

Diefenbach’s work [10]. Thestepsof therenderingaresummarizedbelow:

1. Rendertheentiresceneexcepttherefractor. Refractedobjectsshouldberendered

usingtheir truevertices.This allows refractedobjectsto extendbeyondor through

therefractivemembrane.

2. Draw therefractor, settingthestencilbuffer whereit draws.

3. Clearbothcolor anddepthinformationwherethestencilbuffer is set.
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4. Renderthe refractedobjectsusing the virtual verticeswhere the stencil is set.

Virtual verticeshave thesameconnectivity astheir correspondingregularvertices.

In addition,any texturecoordinatesassociatedwith a polygon’s truevertex would

bethesamefor theassociatedvirtual vertex. Thisallows texturesto appearwarped

by therefraction.

3.2 Simulating the Fresnel Term

The researchalgorithm produceshighly accuratepositionsfor the virtual vertices.

However, severalothereffectscontributeto therealismof a scenewith refractedgeom-

etry. Oneof thesesourcesof detail is the Fresneleffect. As describedin Section2.2,

theFresneltermsimulatestheobservationthatobjectsappearto haveahigherdegreeof

reflectivity astheviewing anglewith thesurfacebecomesmoreacute.At thesametime,

objectsviewed throughthe surfacevia refractionappearto fadeslightly. This effect is

responsiblefor muchof thevisualrichnessof scenesinvolving refractiveobjects.

It turns out to be relatively easyto simulatethe Fresnelterm using the research

algorithm. Whencreatinga refractor’s cells, in additionto computingthe directionof

therefractedrays,theresultof theSchlickapproximationfrom Equation2.7is computed

andstored. After the entirescenehasbeenrenderedasdescribedin Section3.1.3,the

membraneis renderedonemoretime with alphablendingenabled.The alphaof each

vertex in the membraneis set with the Schlick value at that point, and the blending

functionis setsotherelativepercentagesof theimagefragmentsdisplayingtherefracted

geometryandblackareoneminustheSchlick termandtheSchlick term, respectively.

Doing this causesthe sceneto darken wherethe Fresnelterm is greater, andhencethe

membraneis lessrefractive. An exampleof a simple polygon renderedwith Fresnel

effectsis shown in Figure3.3.

The realismcanbe improved further by usingan environmentmapto simulatethe

reflectionof the membrane.In this casethe imagefragmentsdisplayingthe refracted
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Figure3.3. Examplesof simulatingFresneleffects. The imagesshow the multi-pass
algorithmwithout Fresneleffects,with Fresneleffects,andthe samesceneray traced
with Fresneleffects,respectively.

geometryand the environmentmap colors are combinedwith relative percentagesof

oneminusthe Schlick term andthe Schlick term, respectively. Whenthis is donethe

reflectedimagebecomesmorevisible wheretheFresnelterm is greater, andhencethe

surfaceis morereflective while therefractedgeometrybecomesmorevisible wherethe

Fresneltermis lower. Sincemostmoderngraphicscardsincludehardwareto accelerate

environmentmapping,this effect canbeaddedwith virtually no impacton theresulting

framerate.

3.3 Simulating Imperfectly Transparent Media

Thusfar, thealgorithmassumesthat the refractive mediumis a perfectconductorof

light. This is not a very accuratemodel,sincemostmediacauselight to attenuateto

somedegree. It is relatively simple to simulatethis attenuationeffect aswell. Doing

sorequirestwo modifications:First, immediatelyafterclearingtheportionof thescreen

marked by the stencil,the refractormustbe drawn backin usingthecolor that will be

usedto attenuatethe scene.Secondly, whenrenderingthe virtual vertices,fog effects

shouldbe enabled. It is importantto rememberthat, whensettingthe densityof the

fog, the foreshorteningformula in Equation2.4 describesthe ratio of apparentto real

distances.Sincevirtual verticesaremovedto take this apparentdistanceinto account,it
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is importantto multiply thedensityfunctionby theinverseof this fractionto accountfor

the actualdistancethe light shouldtravel throughthe attenuatingmediumto reachthe

target.

It shouldbenotedthatthis is notastrictly accurateeffect. Technically, theattenuation

dueto therefractorshouldbebasedonanobject’sdistancebelow themembrane.Instead,

fog effects are usually calculatedbasedon a vertex’s distancefrom the viewer. In

practice,althoughtheattenuationis notcompletelycorrectrelativeto ray tracedversions

of the sameimage, the effect of objectsfading out as they recedeinto the refractive

mediumbringsan addedelementof realismto the scene.Figure3.4 demonstratesthe

useof attenuation.

3.4 Results

Thealgorithmproducesa significantchangein thegeometryof a scene.Figure3.5

shows two views of an imageof a well containingdolphins. The imageon the left

shows the original geometrywhile the imageon the right shows the virtual geometry.

Figure 3.4. Examplesof simulatingattenuation. The upperrow is createdusing the
multipassmethodshowing depthsof 700, 400, and 100 units below the tip of the
refractor. The bottom row shows the samesceneand distances,but the sceneis ray
traced.An exponentialfalloff is used.
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Figure3.5.A scene’s true(left) andvirtual (right) geometry.

The virtual geometryis displayedby itself insteadof being mergedwith the original

geometryasdescribedin Section3.1.3. Additionally, thevirtual verticeswerecreated

usingan eye positiondirectly above the centerof the well, but the imagewascreated

from a differentperspective. Thesestepsweretakento emphasizethemovementof the

geometryin theimages.Back-faceculling wasenabledto allow theinterior of thewell

to beseen.Themeshusedasthemembranecanbeseenin yellow at thetop of thewell.

Theimagesdemonstratehow objectsaremovedcloserto thesurfaceof therefractor

by theforeshorteningeffect. Also notethat thetextureon thewall andfloor of thewell

is warpedby thealgorithm.This is a resultof thetexturecoordinatesremainingconstant

while thegeometricpositionsof thepointsarechanged.Thelip of thewell is not drawn

in thevirtual imagesinceit hasno virtual vertices.Sinceit wasknown that thetop and

outersideof thelip wouldneverbeunderthesurfaceof thewater, theresearchalgorithm

wasnever appliedto thesevertices. In a two-passrendering,the rim would be visible

sincethetruegeometrywouldbeunaffected.

A secondview of thewell is provided in Figure3.6. In this imagetheeye position
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Figure3.6. A scenerenderedwithout (left) andwith (right) theresearchalgorithm.

correspondsto the imageview and,assuch,representswhat theviewer would actually

seeusing the researchalgorithm. The imageon the left is renderedusing the scene’s

true geometrywhile the imageon the right usesthe researchalgorithm’s full two-pass

rendering. The imagewith the virtual geometryalso demonstratesFresneleffectsby

includingmerging thevirtual geometrywith anenvironmentmapof thesky. As canbe

seen,theimagegivesastrongimpressionof refraction.

Althoughthewarpingof thegeometrycausedby theresearchalgorithmis apparentin

theseimages,it is somewhatdifficult to appreciatetheeffect in a still image.Whenthe

surfaceof thewateris animatedto producethe impressionof low waves,thealgorithm

doesgivetheappearancethatthegeometrybelow thesurfaceof thewateris shiftingdue

to themotionof thewaves. Chapter4 attemptsto demonstratethat this is not merelya

plausibleimpressionof refraction,but is, in fact,anaccuratesimulationof this effect.



CHAPTER 4

CORRECTNESS AND EFFICIENCY

Thekey advantageto the researchalgorithmis that it is capableof providing simu-

lationsof refractionthat, geometrically, areextremelyaccurate.This sectionpresents

evidenceto supportthis assertion. Evaluating the correctnessof this algorithm is a

difficult task. To begin with, refractorshape,indicesof refraction,the positionof the

refractedobject,andthepositionof theviewerall influencetheaccuracy of thesimulated

image. In addition, improving the resolutionof the refractorand the refractedobject

canimprove the appearanceof scenes,but doing so decreasesthe framerate. Finally,

it mustbe rememberedthat objectscanbe anywherein the infinite volumebelow the

refractingsurface,andhenceit is impossibleto providea completemeasureof theerror

for all possibleobjectpositions.This analysiswill attemptto demonstratetheaccuracy

of the algorithm by looking at a samplingof shapes,indices,and userpositionsand

examiningtheerrorwithin a few hundredunitsof therefractorin anattemptto discern

generaltrendsin errorbehavior. This analysiswill alsoexaminethegeneralappearance

of thescenesproduced,bothrelative to a ray tracedversionof thesceneandin termsof

generalappearanceof objects.Finally, this sectionwill demonstratethat thealgorithm

canproducethis accuracy at aninteractive framerate.

4.1 Correctness Measures

Beforetheactualanalysisof thealgorithm’s accuracy it is necessaryto spendsome

time discussinghow this accuracy is measured.Two methodswill be usedto measure

accuracy of thealgorithm.
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The first methodis simply a comparisonbetweenthe sceneproducedby the algo-

rithm and the samesceneandview renderedusinga simple ray tracer. As described

in Section2.1.1, ray tracersproducesceneswith a high degreeof physicalaccuracy

dueto thefact thateachsightray’s interactionwith thesceneis individually calculated.

The ray tracerusedfor comparisonin this programis a highly simplified versionof

the algorithmwith no lighting or shadowing usedin the computation.As the research

algorithmalso lacks theseelements,the imagesproducedby the two methodscanbe

comparedsolelyonthebasisof theapparentpositionof thegeometry. Theraytraceruses

animplicit representationof therefractorwhich is whattheresearchalgorithmattempts

to simulate.Thenormalsandshapeof therefractor, at leastwherespecifiedby vertices

in the researchalgorithm,are the sameregardlessof the renderingmethod. As such,

the ray tracerprovides a good exampleof what the researchalgorithm is attempting

to produce. To make comparisonsbetweenimagesslightly easier, a grid is overlaid

on the scenesproducedby both renderers.The grids have beenalignedascloselyas

possiblegiventhedifferencesin theway thescenesaredisplayedon thescreen,and,in

general,thedifferencesbetweenthegridsarenegligible. Figure4.1showsanexampleof

ascenerenderedusingboththeresearchalgorithmandtheray tracerwith grid overlays.

Fresneleffectshave beenturnedoff in theseimagesto simplify comparison.Likewise,

therefractoris coloredto providesomecontext for theimage,but objectattenuationhas

beendisabled. In short, the only point of comparisonbetweenthe two imagesis the

positionsof thepixelson thescreen.

Thesecondmethodprovidesa combinationof quantitativeandqualitativemeasures.

In this method,a box is formed aroundsomevolumeof space. This volume is then

regularly sampledandeachsamplepoint, henceforthcalledtheoriginal vertex, is then

passedthroughthe researchalgorithmto producea correspondingvirtual vertex. This

virtual vertex is thenusedin a computationto determinewherethatvirtual vertex’s true



35

Figure4.1.A scenerenderedby boththeresearchalgorithm(left) andray tracer(right)..

vertex shouldbe, henceforthcalledthe computedvertex. The latter calculationcanbe

madewith completeaccuracy sinceit is simply a matterof intersectingtheray from the

eye to the virtual vertex with the surfaceof the refractor, computingthe refractionray

at that intersection,andthenscalingthe refractionray by the foreshorteningequation

to producethe correspondingcomputedvertex. The intersectionwith the refractoris

computedusingan implicit representationlike that usedby the ray tracer. The result

is that this secondcalculationwould have accuracy equivalent to a ray tracer. Once

the secondcalculationhasbeencompleted,the distancebetweenthe original vertex

and the computedvertex is computedand usedto color a cubeat the position of the

original vertex. Thecoloringcodeis greenfor a distanceof lessthanoneunit, blue for

a distanceof lessthan10 unitsbut greaterthanone,red for a distanceof lessthan100

units but greaterthan10, andwhite for greaterthanor equalto 100units. Blocks that

arenot coloredwhite areshadedwith darker colorscorrespondingto lower errorwithin

aparticularcolor’sscale.A cuttingplaneallowstheinteriorstructureof anerrorvolume

to be seen.Figures4.2 and4.3 show threeviews of an error volume. The volumeis
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a 400x400x400cubewith the top flushwith the top of the refractor, which is shown in

yellow. Unlessnotedotherwise,volumesof thissizewill beusedthroughoutthissection.

Sincethesevolumeswouldbeuninterestingif they alwaysusedtheviewer’seyeto create

thecells,anemitter, shown by thelight bluestar, is usedasaproxy for wheretheviewer

is assumedto beobserving.Theorangelinesmarktheboundsof theerrorvolume.

It is importantto notethat no pointsaredrawn whereeitherthe researchalgorithm

or theperfectcomputedvertex computationcouldnot returna value. This couldoccur

if theoriginal vertex wasoutsidethevisible volumeor animpossiblevirtual vertex was

created. The latter can happenwhen virtual verticesare createdusing cells bounded

by extrapolatedrefractionrays whererefractionotherwisecould not occur. This is a

reasonableexclusionfrom our calculationssinceverticesformedby extrapolatedcells

arepresentprimarily to allow refractedpolygonsto berenderedcompletelyasopposed

to beingcompletelyaccuratein theirown right.

At thesametime, for someshapesof refractortherearezonesof convergencewhere

a singletrue vertex canproducemultiple virtual vertices. In thesezones,the research

algorithmsimply usesthe first virtual vertex it finds. Sincetheseregionsarealready

known to be incorrect, thesetoo are not drawn in the error volume. Again, this is a

reasonableexclusionsincetheseregionsareknown weaknessesin thealgorithmandno

attemptis madeto ensureaccuracy at theselocations.Theanalysispresentedusingthe

errorvolumeswill insteadfocuson thoseareaswherethealgorithmis attemptingto be

precise.

In additionalto visualizingtheerrorvolume,theaverageerrorandstandarddeviation

for all the computedpoints of the volume can be computed. In Figures4.2 and 4.3,

theaverageerrorwas8.8704with a standarddeviation of 9.7171over a total of 48346

samplepoints.As with thevolumeitself, thiscalculationignorespointsfor whicheither

the researchalgorithmor the computedvertex computationcannotproduceresultsas

well aspointswithin zonesof convergence.It is difficult to sayhow thesevaluestranslate
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Figure4.2. An error volumeviewed from the side. The imageis shown without (top)
andwith (bottom)a clippingplane.



38

Figure4.3.An errorvolumeviewedfrom below
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to theaccuracy of thesceneasit appearsto theviewer, sinceapoint20unitsoff but deep

within therefractingmaterialmayappearto bemoreaccuratethana point two unitsoff

but closeto therefractor’s surface.However, it doesprovide a quantitativevalue,which

canbeusedto comparevariouscombinationsof parameters.

4.2 Object Position

Thepositionof anobjectrelative to therefractorplaysamajorrole in theaccuracy of

thevirtual verticesproduced.Ascouldbeseenin Figures4.2and4.3,certainareaswithin

a givenvolumegive rise to betteraccuracy thanothers.Althoughthebehavior in these

imageslookssomewhatchaotic,thereareactuallysometrendsin theerrorbehavior.

Thefirst of thesetrendsis thattrueverticesthatarecloseto a cell’s boundingrefrac-

tion rayswill producea moreaccuratevirtual vertex thana truevertex thatis within the

samecell but furtheraway from thecell’s boundingrays.Intuitively this makessenseas

theseraysrepresentcompletelycorrectrefractionbehavior for thesurface.As aresult,if

a truevertex wereactuallyonaray, its accuracy wouldbeequivalentto thatproducedby

a ray tracer. On theotherhand,whena virtual vertex is not on a boundingray, thesight

point is computedby linear interpolation. Sincerefractionis an inherentlynonlinear

operation,this introduceserrorsinto theresult.Thefurthera truevertex is from thecell

bounds,themoretheerroris introducedby thelinearinterpolation.

Thisbehavior canbeseenin theimagesof Figures4.2and4.3,particularlytheviews

usingthecuttingplaneandthebottomview wherethe internalstructureof thevolume

canbeseen.LikewiseFigure4.4 shows thebottomslicesof theerrorvolumefor a flat

refractorwith theemitter150unitsaboveit. In Figures4.3and4.4,thin circlesof higher

accuracy separateregionsof lower accuracy. Theseringsareartifactsof thefacetingof

therefractorwheretheverticesarealsoorganizedin rings.Thus,eachring of verticesin

therefractorproducesasetof refractionraysthatform aconeshapedshell.Wherethese

rayspassthroughthevolume,they produceregionsof higheraccuracy, while thespace
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Figure4.4.Regionsof accuracy in anerrorvolume.

betweentheseshellshasloweraccuracy. Thesamephenomenonis visible in thecutting

planeimageof Figure4.2 excepttheconesareviewedfrom theside.Thelinesof higher

accuracy seenin theimagearewheretheshellspassthroughthevolume.

As a corollaryof this observation,verticesthatarefurther from the refractorwithin

thevisible volumewill likely, but not necessarily, producelessaccuratevirtual vertices.

This is simplydueto thefactthat,asonerecedesfurtherbelow themembrane,individual

cellswill usuallybecomelarger. The largeran areaboundedby a cell, themorelinear

interpolationerrorsare introduced. Fortunately, as an object travels further from the

refractorsurface,it mustalsobe traveling further from theviewer’s eye, which usually

will resultin theobjecttakingup a smallerscreenspaceareaafterperspective hasbeen

appliedandthusreducingthevisibility of error.

It shouldbenotedthatcellsdonotalwaysgrow wider, at leastinitially, asonerecedes
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below therefractorsurface.Likewise,virtual objectsdonotalwaysappearsmallerasthe

correspondingtrue object moves further below the membrane.The exceptionsoccur

whenthemembranehasaconverging effect on therays,causingthemto focusalongan

axis. However, this will inevitably producea zoneof convergence,which thealgorithm

doesnot attemptto simulaterealistically. As such,thesecaseswill not be discussed

exceptin Section5.1.3underfuturework.

A second,albeitcloselyrelated,sourceof errorconcernshow sharplythesight rays

changedirectionthrougha givencell. In the error volumesshown in Figures4.2, 4.3,

and4.4, it is noticeablethatthelargera shell’s radiusis comparedwith theothershells,

thelargertheerroris andthefastertheonsetof thiserrorbecomes.In theoutershellsof

Figure4.2, theshellsdo not evenappearin green,sincetheerror for thesepoints,none

of which areactuallyon a cell bound,hasalreadyexceededoneunit. As thechangein

sightraysbecomeslarger, thelinearapproximationusedin thealgorithmbecomesa less

accurateestimationof how refractionis occurring.As a result,errorsgrow muchmore

rapidly in thesecases.

Althoughtheerrorsin Figures4.2,4.3,and4.4appearto grow asonemovesfrom the

centerof thevolumetowardsa side,it shouldbenotedthat this is simply anartifactof

thefactthattheemitteris directlyabovethecenterof therefractor. Figure4.5 showstwo

viewsof anerrorvolumewith aslightly curvedrefractorandtheemitteroffset400units

from therefractorcenter. A cuttingplaneis usedin both imagesto reveal thevolume’s

internalstructure.Theboundsof theerrorvolumehave beenoffset slightly so that the

volumeis no longercenteredunderthe refractor. This is doneso that theerrorvolume

will containa larger segmentof the visible volume. As before, the shellsof higher

accuracy arevisible. In the lower part of the view from above the refractorit is even

possibleto seewhereindividual refractionrayspassthroughthevolume. Thepresence

of theseraysis indicatedby spotsof greenin anotherwisebluearea.Thebrighterblue
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Figure4.5.Regionsof accuracy in anerrorvolumewith anoffsetemitter.
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blobsbetweenthesepointsshow how the error increasesasthe algorithmis forcedto

interpolatebetweentheserays.

4.3 Eye Position

The eye position, and hencethe viewing angle, plays anothersignificant role in

determiningtheaccuracy of thesceneviewedthroughtherefractor. Table4.1 provides

resultsfrom errorvolumesfor multiple viewpointsover a flat refractor. Therefractoris

circularwith 125verticesforming484facets.Therefractorhasaradiusof 142unitsand

is facetedasshown in Figure4.6.

Sincethe refractor is circular, only raw displacementfrom the centralaxis of the

refractoris measured.In fact,theerrorvaluedoesvaryslightly basedon thedirectionof

displacementdueto facetingdifferences.However, thesedifferencesarenegligible and

do notaffect theoverall trendspresentedin thetable.

Note that, as the viewer movesfurther above the refractor, the error valuesarere-

duced,while closerproximity producesgreatererrors. This is a somewhatunfortunate

occurrencesince,when the eye is further from the surfaceof the refractor, a unit in

Table4.1.Error valuesfor multipleeyepositionsviewing aflat refractor.

Height Displacement Mean Error Std Deviation Data Points
900units 0 units 0.0154units 0.0085units 6988

142units 0.0262units 0.0186units 8046
400units 0.0529units 0.0308units 7712
800units 0.0523units 0.0290units 6244

450units 0 units 0.0928units 0.0319units 11348
142units 0.1364units 0.0963units 12144
400units 0.1626units 0.0972units 8620
800units 0.0670units 0.0363units 4880

150units 0 units 1.2789units 0.6813units 30297
142units 1.0994units 0.7749units 22030
400units 0.2441units 0.1575units 5964
800units 0.0568units 0.0372units 3616
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Figure4.6.Thefacetingof aflat circularrefractor.

perspectiveoccupiesasmallerportionof thescreen.However, evenin theworstsituation

(viewer height of 150 units and locateddirectly over the center)the visible error is

negligible, asshown in Figure4.7. In theseimagestheobjectwasplacedat thebottom

of thespaceenclosedby theerrorvolumeat thefar sideto maximizeerrorasexplained

in Section4.2. Thefact thatmoving theeye furtherfrom therefractorimprovesoverall

accuracy shouldnot be a surprisesince,as the eye movesaway the sight rays to the

refractorspanasmalleroverallangle.Asaresult,theserayshaveacloserinitial direction

relative to eachother, which, in turn, resultsin a smallerchangein thedirectionof the

individual sight rays. As describedin Section4.2, the smallerthe relative changein

thedirectionof thesight rays,the lesserror is introducedby thelinear functionusedto

computethesightpoint.

It shouldalso be notedthat, as the eye is displacedrelative to being directly over

the centerof the refractor, the accuracy decreasesto a point, but thenimprovesagain.
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Figure4.7.Worstcasesceneusingtheresearchalgorithm(left) andray tracer(right).

Althoughtheinitial increasein errorcanbeeasilyexplainedastheresultof anincrease

in thechangein directionof thesightrays,theeventualincreasein accuracy is somewhat

counter-intuitive. In fact, this behavior actuallyhasa relatively simple explanationif

onelooksat thenumberof samplesproduced.Thereductionin thenumberof samples

indicatesthatthevisiblevolumeis shrinkingwithin themeasuredvolume,andhencethe

refractionraysaretravelingclosertogether. Sincetheraysareclosertogether, in general,

points in the error volumeendup closerto the cell boundaries.As wasexplainedin

Section4.2,theproximity of avertex to arefractionrayhasadirecteffectonits accuracy.

This conclusionis supportedby observationsbothof thespreadof therefractionraysin

asceneandobservationsof theactualerrorvolume.

4.4 Shape of the Refractor

Theshapeof therefractoris probablythesinglegreatestfactorin thedegreeof error

presentin a scene. Refractorshapeinfluenceshow the cells cover the visible space,

as well as the size and shapeof this spaceitself. Refractorsrangefrom diverging,

wheresight raysarebentoutwardcoveringa wider field of view, to converging, where

sight raysarebentinwardoftencrossingeachotheralongsomeaxis,with a greatdeal

of variancein between. A membranecould alsobe a compositeof thesetypes,with

someportionsexhibiting converging behavior andothersexhibiting diverging behavior.

Figure4.8 shows examplesof converging anddiverging membranes.The white lines
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Figure4.8. Converging (top)anddiverging (bottom)membranes.
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representthe original sight rays,andthe greenlines representthe refractedsight rays.

Therefractoris shown in yellow.

The wide rangeof refractor shapesand associatedbehaviors make it difficult to

generalizeaboutthe effect refractorshapehason accuracy. However, therearesome

generaltrendsthis sectionwill attemptto cover. It shouldalsobenotedthattheindex of

refractioncanplaya rolealongtheselinesaswell. Specifically, modifying indicesof re-

fractioncanchangeagivenmembranefrom beingadivergingmembraneto aconverging

oneor viceversa. Thissectionwill useaconstantsetof indicesof refraction,specifically

1.0 in the eye region and 1.51 below the refractor. The behaviors associatedwith a

givenrefractorbehavior hold regardlessof theindicesof refractionusedto producethis

behavior, with minor caveats,whichwill bediscussedin Section4.5.

4.4.1 Diverging Refractors

In general,the morea given membranediverges,the greaterthe error producedby

that membrane.As we saw in Section4.2, the two primary factorsthat contribute to

inaccuracy are large cells andlarge changesin the sight ray directions. Both of these

occurin diverging membranessinceraysbendoutward,creatinglargercellsaswell as

greaterchangesin direction. Both factorspeakin the outercellsof the visible volume

wherethelargesterroris observed.

When the index of refractionbelow the membraneis greaterthan the index of re-

fraction surroundingthe eye, diverging membranesgenerallyhave a planaror concave

shapetowardstheviewer. In fact, thepositionof theviewer’s eye influencesthis, anda

membranewill becomemoredivergingtheclosertheeyeis to thesurface.Thisbehavior

was demonstratedin Section4.3 whereit was shown that bringing the eye closerto

the refractor increasedrelative error. This section,however, will focus on diverging

propertiescausedby theshapeof therefractor.
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Table4.2 shows error valuesfor a rangeof membraneshapes.The membranesare

formedby conformingthe areaof the membraneto the surfaceof a sphereof a given

radius.As themembranehasa planarradiusof 142units,whena sphereof radius142

is used,themembraneformsaperfecthemisphere.A planarmembranewould represent

a spherewith an infinite radius. The larger the radiusof the sphere,the smaller the

curvatureof the refractorandthe lessthe raysdiverge. In all cases,the eye is directly

above thecenterof therefractorat adistanceof 450units.

The resultsin Table4.2 demonstratethe reductionin accuracy as the refractorbe-

comesmoredivergent. At the sametime, the numberof datapoints from eachof the

trials shows theincreasein theareavisible throughtherefractor. This is consistentwith

our observationsregardingtheerror inherentin larger cellsandlarger changesof sight

direction.

4.4.2 Converging Refractors

Converging refractorspresenta major challengeto the researchalgorithm because

they producezonesof convergence.As thereis no clearmethodto correctlyreconnect

themultiple virtual verticesin suchregions,thealgorithmsimply takesthefirst virtual

vertex it finds.As this maybeoneof dozensof potentialvirtual verticesproduced,there

is a goodchancethat,whenreconnectedwith othervirtual vertices,the resultswill not

Table4.2.Error valuesfor divergingmembranes.

Sphere Radius Mean Error Std Deviation Data Points� (Planar) 0.0928units 0.0519units 11348
710units 0.1107units 0.0413units 19856
355units 0.2082units 0.0811units 27412
237units 0.4558units 0.1599units 35476
178units 1.1152units 0.5790units 43599

142units(hemisphere) 7.5567units 9.2816units 56890
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becorrect.This situationrepresentsa significantweaknessof theresearchalgorithmin

its currentform andis discussedfurtherunderfuturework in Section5.1.3.

To makemattersworse,suchzonesof convergenceareusuallylocatedin thegeneral

directionof theuser’ssightraystowardtherefractor. As aresult,thezoneof convergence

andall the inaccuraciesinherentin it tendto be in the apparentcenterof the refractor.

It is virtually impossibleto provide a quantitative estimateof the level of error in such

scenessinceerror calculationsignoreverticesin this zoneof convergence,which may

cover a large part of the scene.Including suchverticesin error calculationswould be

pointlesssinceeveryvirtual vertex createdmightbeperfectlyaccurate,but simplybethe

wrongvirtual vertex to connectto its neighbor.

Giventhis, converging refractorsarenot adequatelyhandledby this algorithm. It is

still possibleto produceaccurateimagesusing a converging refractorby keepingthe

refractedobjectsoutsidethezoneof convergence.Thiscanbeaccomplishedby keeping

objectsto the far edgesof the visible area,or so closeor so far from the refractorthat

they arenot in thezoneof convergence.Cellsmaynotendupcrossingfor somedistance

below the surfaceof the refractorandwill inevitably ceaseto crossat someadditional

distancebelow this. As such,zonesof convergencecoveronly afinite partof thevisible

volume. Theactualsizeandshapeof thezoneof convergencedependsupontheshape

of therefractoraswell astheviewer locationandindicesof refraction.If ascenecanbe

constrainedto keepgeometryoutsidethezoneof convergence,thealgorithmwill have

no difficulty renderingthat scene.It is only whenthe refractedobjectsentera zoneof

convergencethatartifactswill occur.

4.5 Index of Refraction

The indicesof refraction,specificallythe ratio of the interior andexterior indicesof

refraction,alsoplay a role in theaccuracy of the researchalgorithm. Table4.3 shows

someresultsfrom anerrorvolumeproducedby a rangeof indices.Theinterior index is
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Table4.3.Error valuesfor rangesof indicesof refraction

Shape Indices Mean Error Standard Data
Ext Int Deviation Points

Planar 1.0 2.2 0.0616units 0.0351units 8356
1.0 1.8 0.0771units 0.0433units 9708

emitter 1.0 1.4 0.1003units 0.0562units 12144
height 1.0 1.1 0.1248units 0.0715units 15668

450 1.1 1.0 0.1418units 0.0859units 19492
units 1.4 1.0 0.1522units 0.0949units 26263

1.8 1.0 0.1737units 0.0920units 34788
2.2 1.0 0.3478units 0.1927units 40984

Hemisphere 1.0 2.2 3.1553units 3.3497units 58879
up 1.0 1.8 2.6512units 3.1855units 58807

1.0 1.4 2.3332units 3.2306units 58766
emitter 1.0 1.1 2.3664units 3.4804units 58720
height 1.1 1.0 2.6125units 3.7218units 58596

200 1.4 1.0 3.1449units 4.0903units 57825
units 1.8 1.0 3.8490units 4.4570units 54940

2.2 1.0 3.5148units 3.3500units 47982

the index of refractionwithin therefractive medium,andtheexterior index is theindex

of refractionof themediumsurroundingtheeye. Recallthat it is theratio of thesetwo

valuesthat determinesboth the directionof refractionraysandforeshortening.Thus,

thesevaluesareindicativeof theerrorfor any scalarof thetwo indices.For example,the

errorvaluesfor interior andexterior indicesof 1.0and1.1would beequallycorrectfor

indicesof 1.2and1.32,respectively.

Tounderstandtheseresultsit is helpfulto understandsomepropertiesof theindicesof

refraction.As the interior index increasesrelative to theouterindex, therefractedsight

ray is “pulled” in thedirectionof thenormalat thepoint it enterstherefractivematerial.

Likewise,astheexterior index increasesrelative to theinterior index, refractionraysare

“pushedaway” from thenormalsin thedirectionof their original rays.Recallalsothat,

for a surfacewith constantcurvature,thenormaldirectionsof any point on a facetcan,

to a largeextent,beapproximatedby linearly interpolatingthenormalsof thebounding
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vertices.As therefractionraysbecomecloserto following thenormals,linearoperations

becomebetterapproximationsfor refractionaswell. As a result,thealgorithm’s linear

interpolationaddslesserrorto thevirtual vertex calculationsin suchsituations.

In the planarcase,as the exterior index increases,the refractedraysmore closely

follow theplane’s normalandhencemorecloselyalign in a singledirection.Theresult

is a smallervisible volume,asevidencedby thereductionin thenumberof datapoints,

andhencesmallercellsandlesslinearapproximation.As theexteriorindex increases,the

oppositeoccursandthecellsgrow larger, resultingin greaterapproximationerror. This

combineswith thechangesin theerroraddedby the linearapproximationto producea

slight,but definitedecreasein theerrormeasuresastheinteriorindex is increasedrelative

to theexterior index.

In thehemispherecasetheoppositeoccurs.As theexterior index increasestherays

more closely align with the normals,but this causesthe membraneto becomemore

divergent.Asaresult,themembranehasalargervisiblevolumeasseenby theincreasein

thenumberof datapointsastheinterior index increasesandtheexterior index decreases.

However, with the exceptionof the two trials using indicesof 2.2, the error actually

increasesasthevisible volumegetssmaller, counterto our intuition. This is causedby

the increasein the linear approximationerrorsasthe exterior index increasesover the

interior index. Thesetwo factorsarein contentionin this situation,but sincetheshape

of the refractoralreadyis inclined towardsa diverging behavior, the cells appearto be

largeenoughinitially thattheerrorsproducedby thelinearapproximationsoutweighthe

beneficialinfluencesfrom thereductionin cell sizein mostcases.

It shouldbenotedthat,althoughthe indicesof refractiontendto have a fairly slight

influence,in somecasesthey cancauseproblems. Table4.4 givesan exampleof one

suchcase.This trial wastakenusingthesamehemisphericalrefractorusedin thesecond

seriesof trialsof Table4.3,but with theemitterraisedto 450unitsabove therefractor.
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Table4.4. Indicesof refractionproducingaconvergingmembrane.

Shape Indices Mean Error Standard Data
Ext Int Deviation Points

Hemisphere 1.0 2.2 7.3738units 9.3400units 58629
up 1.0 1.8 7.3426units 9.2394units 58124

1.0 1.4 7.7039units 9.2890units 55898
emitter 1.0 1.1 7.3889units 7.9385units 49003
height 1.1 1.0 0.4687units 2.7173units 5745

450 1.4 1.0 21.375units 29.218units 376
units 1.8 1.0 131.761units 50.943units 31298

2.2 1.0 33.489units 20.780units 26832

Theerrorvalueswhentheinterior index exceedstheexterior index areactuallyquite

well behaved.Theerrorvalueswhentheexterior index exceedstheinterior index appear

muchmoreirregular. The problemis that,betweenthe exterior indicesof 1.1 and1.4,

the membranechangesfrom beinga diverging membraneto a converging membrane.

Sincethismeansthatareasof thevisiblevolumecannow beseenthroughmultiplecells,

a numberof datapointsarediscardeddueto their producingmultiple virtual vertices.

This is particularlynoticeablewhen the exterior index of 1.4 is only able to find 376

valid samplepoints. Moreover, someof the verticesbegin undergoing total internal

reflection,forcing thealgorithmto useextrapolatedrefractionraysascell bounds.Since

this extrapolationis not technicallyaccurate,theperfecttruevertex calculationusedto

producethe error volume endsup disagreeingwith the algorithm’s results. Between

thesefactors,theerrorvaluesincreaseddrastically. However, asconverging membranes

arealreadyknown to bea weaknessof theresearchalgorithm,this doesnot representa

new problembut insteadanew mannerin which to encounteranold one.

4.6 Resolution of the Refractor

As noted in Section4.2, larger cells produceless accuratepositioning of virtual

vertices. For this reasonit shouldbe of little surprisethat increasingthe resolutionof
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therefractorandgiving it moreverticesandfacetscanimprove theaccuracy of a scene.

The increasedresolutionboth increasesthe numberof cells andreducestheir average

size. Table4.5 providescomparative valuesfor refractorswith differentfaceting. For

thesetests,a squarerefractorwas usedwith verticesequally spacedin their x and z

coordinates.Bendingthe membraneaddsan offset in the y direction andgiveseach

facetdifferentdimensions.Verticesaretriangular, soamembranewith 10facetsperside

wouldhave200facetswith two facetspersquare.Examplesareshown with therefractor

dividedinto a6x6grid with 49verticesand72facets,a10x10grid with 121verticesand

200facets,anda15x15grid with 256verticesand450facets.

It shouldbenotedthat,sincesightpointsarecalculatedusinga linearapproximation

within acell, avirtual vertex’smovementswithin acell will beroughlylinearuntil acell

boundaryis crossedatwhichpoint it will changedirections.Althoughthisartifactis not

particularlynoticeablein still images,it canbe visible whenviewing a moving object

in real time. The linearity of the movementwithin a cell is usually not a problemif

therefractedobjectis spreadovermultiple cellsasthedifferentdirectionsof thevirtual

verticesproducestheappearanceof smoothmovement.However, if theobjectis entirely

Table4.5.Error valuesfor varyingtherefractorresolution.

Shape Eye Height Resolution Mean Error Std Deviation
Planar 450units 6x6 0.1116units 0.0726units

10x10 0.0406units 0.0270units
15x15 0.0174units 0.0118units

150units 6x6 1.6858units 0.9680units
10x10 0.6104units 0.3509units
15x15 0.2641units 0.1560units

Hemisphere 450units 6x6 4.4397units 6.3253units
up 10x10 1.4803units 2.4649units

15x15 0.6129units 1.0942units
150units 6x6 1.0636units 0.9138units

10x10 0.3464units 0.2782units
15x15 0.1449units 0.1006units
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containedwithin a cell and remainswithin it while moving, the linear natureof this

movementcan be noticeable. Increasingthe resolutionof the refractor improves the

situationby reducingtheeffective width of cellsat a givendepth,but it doesnot solve

theproblemsincethecellswill eventuallyreachthesamewidth at somegreaterdepth.

Theuserof this algorithmcanmitigatethis by determininga boundfor thedistancean

objectis from therefractorandusingthis to tunetherefractorresolution.

4.7 Resolution of the Refracted Object

Theresolutionof therefractedobjectalsoaffectstheaccuracy of therenderedimage.

Unlike all previous measures,however, this effect hasnothingto do with the accuracy

of individual virtual vertices.Theissuewith objectresolutionis bornfrom thefact that

scanline renderingwill draw a straightline betweeneachvirtual vertex. As we have

notedseveral timespreviously, linear methodsarepoor approximationsfor refraction.

As such,especiallyalong the outer edgeof a refractedpolygon, the linear segments

betweenvirtual verticesmaybevisibly differentfrom thebehavior of actualrefraction.

Thesolutionto this problemis to placeadditionalverticesalongthesidesof a refracted

polygonto reducethelengthof thelinearsegments.If thesesegmentsaresmallenough,

thedifferencesbetweenthealgorithmandreal refraction,asperformedby a ray tracer,

canbemadenegligible.

Figure4.9shows several imagesof a triangularpolygonrenderedwith differentres-

olutions. As canbeseen,theuseof additionalverticesimprovestheappearanceof the

imagesignificantly. The imagewith eight verticesper side is almostthe sameshape

asthe imageproducedby the ray traceralthoughthecornersof the triangle,wherethe

curvatureis greatest,continueto benoticeablylinear.

It shouldbenotedthatimproving theresolutionof a refractedobjectonly helpsif the

additionaltrue verticesarein differentcells. If threetrue verticesarelinear andin the

samecell, thevirtual verticeswill alsobe linear. As such,addingmoreverticeswould
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Figure 4.9. Objectswith 2, 3, 5, and 8 verticesper side and a ray traced image,
respectively.

offer no benefit. In the imagesproducedby the researchalgorithmin Figure4.9, the

appearanceof the endsremainedlinear, even whenthe resolutionwasincreasedto 22

verticesperside.However, whentheresolutionof therefractorwasincreasedfrom 484

to 3279facetsthe linearity at thecornerswasremovedusingonly eightvirtual vertices

persideasshown in Figure4.10.

4.8 Frame Rate

While the previous sectionssupportthe claim that the algorithmproduceshigh de-

greesof accuracy in most situations,the otheradvantageof the researchalgorithm is

the ability to producetheseresultsat a high frame rate. This sectionshows that the

researchalgorithm can, in fact, perform at interactive frame ratesfor simple scenes.

In orderto demonstratethis, a timer wasaddedto the program. After every thousand

framesrendered,the total time takenwasconvertedinto theaveragenumberof frames

persecond(fps). Althoughtheframerateneededto “look real” is still debated,aprogram
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Figure4.10.Objectwith 8 verticespersideand3279refractorfacets.

can generallyassumedto be interactive, albeit sluggish,at 15 fps, while acceleration

above 72 fps is effectively undetectable[24]. The programusedin thesetestswasnot

optimizedandtheresultsareintendedto indicatetrendsin performancegivenchangesto

variousparametersratherthantheoptimalpossibleperformanceof thealgorithm. The

testswererun on 1.7GHzPentium4 processorwith 512MB of RAM. The imagewas

renderedwith a resolutionof 512x512pixels.

The primary factorsthat influencethe frameratearethe resolutionof the refracted

geometryandtheresolutionof therefractingmembrane,althoughthesearenot theonly

factorsthatdo so. For example,it wasfoundthat theframeratechangedslightly when

somerefractorswereviewed at differentangles.Theseincreasesarelikely dueto cell

containmentbeing accomplishedat an earlier point and henceendingthe processof

searchingthroughtheremainingfacets.However, theseotherfactorstendto accountfor

a relatively minor fluctuationin framerate. As such,we will concentrateon objectand

refractorresolutionasthemajorfactors.

Recallthattheresearchalgorithmhasthreedistinctsteps:cell creation,cell contain-

ment tests,and the actualrendering. Moreover, somestepscan be skippedif certain

changesto the scenehave not occurred. Specifically, cell creationcan be skippedif

the user’s eye hasnot moved relative to the refractor, and both cell creationand the
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cell containmentstepsmay be skippedif neitherthe eye nor the refractedobjecthave

movedrelative to the refractor. Thesetestswill investigateall threetypesof scenarios

this presents.

Thefirst seriesof trialswereperformedto examinetheframerateif all threerendering

stepsmustbeperformed.To thatend,thetestprogramwasmodifiedto forcecell creation

aswell asthecell containmentteststo be redoneon every frame. Table4.6 shows the

resultsof several trials with variousparameters.Theseresultsindicatethat the object

resolutiondominatesthe calculationsin virtually all cases. It also demonstratesthat,

althoughframeratesdovaryslightly dependingontheshapeof therefractingmembrane,

the overall trendsremainthe samefor all shapes.In fact, this wasfound to be true in

generaland,assuch,future tablesdescribingframeratewill only containdatafor flat

refractors.

Thesecondseriesof trials considerthecasewherethecell creationstepis no longer

performedandtheframerateonlymeasuresthecell containmenttestandrenderingsteps.

Table4.7 givestheresultsof thesetrials. Timing resultsaregivenfor two positionsof

the refractedobject: centeredbelow the refractorand at the far side of the refractor.

This is donesincethe cell containmenttestsarestoppedassoonasa virtual vertex is

found.Sincethecentralfacetsaretestedfirst in thisparticularimplementation,theframe

rateis significantlyimprovedwhentheobjectcanbeviewedthroughthecentralfacets.

Moreover, thenumberof facetsin therefractorhasamuchlargereffecton theframerate

whentherefractedobjectis offset. This reflectsthe largernumberof cells thatmustbe

testedbeforesuccessfulcontainmentis discovered.

In thefinal trial neithercell creationnor cell containmenttestsoccurs,andonly the

renderingstepof the algorithmis measured.This trial sayslittle aboutthe algorithm

itself sincetherenderingpassis a fairly standardtwo-passmethod.However, this trial is

usefulasa comparisonto indicatehow muchtime in theprevious trials wasduesolely

to therenderingstep.Table4.8shows theresultsof this trial.
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Table4.6.Frameratefor thecompletealgorithm.

Shape Refractor Facets Object Vertices Frames per Second
Planar 120 105 492- 530

528 200- 226
2628 46 - 55

484 105 430- 485
528 172- 200

2628 41 - 54
1820 105 338- 390

528 136- 150
2628 31 - 37

Hemisphere 120 105 450- 495
up 528 188- 222

2628 47 - 57
484 105 407- 440

528 176- 200
2628 44 - 52

1820 105 335- 375
528 145- 180

2628 37 - 47
Hemisphere 120 105 480- 535

down 528 187- 220
2628 45 - 51

484 105 400- 450
528 142- 177

2628 33 - 41
1820 105 310- 370

528 107- 139
2628 30 - 38
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Table4.7.Frameratewhencell creationis skipped.

Shape Refractor Facets Object Vertices Center Fps Side Fps
Planar 120 105 520- 560 271- 272

528 273- 290 76 - 77
2628 76- 77 16 - 17

484 105 485- 525 140- 142
528 245- 258 33- 34

2628 67- 68 6 - 7
1820 105 443- 484 67 - 68

528 221- 236 14 - 15
2628 61- 62 2 - 3

Table4.8.Frameratewhenbothcell creationandcell containmentareskipped.

Shape Refractor Facets Object Vertices Frames per Second
Planar 120 105 705- 709

528 584- 586
2628 233- 234

484 105 681- 685
528 568- 571

2628 232- 233
1820 105 653- 656

528 549- 551
2628 229- 230
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Althoughthevaluespresentedby theabove tablesprovide ageneralindicationabout

how objectandrefractorresolutionaffect the framerate, the valuesproducedare not

preciseenoughto determinethe full influenceof eachof the algorithm’s threeparts

on its performance.To answerthis question,the programwasrun on an SGI Indigo2

and profiled using SGI’s timing hardware. In all cases,a planar refractorand 1820

objectverticeswereused. The testswererun with the programmodifiedto force cell

creationandcell containmenttestingin every frame. The valuesin parenthesesin the

cell containmenttestcolumnindicatethetimespentperformingthecalculationsusedto

determineif asingletruevertex is within a singlecell, while therestof thetime is spent

iteratingthroughall thecellsandvertices,settingup for thesetests,andcomputingthe

virtual verticesif the truevertex is within thecell. Theresultsof thesetrials areshown

in Table4.9.

In every trial run, the function that determinedif a given true vertex waswithin a

given cell requiredmoretime thanany other function. Likewise, the cell containment

stepdominatesthe time spentby theprogram.Cell creationis, comparatively, a trivial

step.

Table4.9. Percentageof renderingtime in primaryfunctions.

Refractor Object % cell % cell
Facets Position creation containment

120 Centered 0.3% 51.3%(33.1%)
Offset 0.1% 92.9%(73.8%)

484 Centered 0.5% 55.5%(37.2%)
Offset 0.1% 96.8%(78.4%)

1820 Centered 1.2% 58.5%(40.5%)
Offset 0.2% 98.3%(79.6%)



CHAPTER 5

CONCLUSIONS

Thisresearchhasdemonstratedthattheuseof geometrictransformationscanproduce

fastandaccuratesimulationsof refractionin a wide rangeof cases.This sectionwill

outline additionalareasof investigationthat would enhancethe resultsof the research

algorithmandconcludewith a discussionof how theresearchalgorithmcanbeapplied

in its currentstate.

5.1 Future Work

Theresearchalgorithmpresentsanearlystepin bringingrefractive scenesinto com-

monusein scanline renderers.Althoughit providesresultsthataregeometricallyvery

accurate,thereare many other aspectsof the refractionproblemthis work doesnot

address. This sectiondiscussesseveral areaswherethe researchalgorithm could be

enhanced.

5.1.1 Lighting

Currently, all theimagesin this researchuseflat ambientlighting. As this is hardlya

realisticsituationit wouldbebetterto allow morenaturallighting,suchasdiffuseeffects,

to be integratedinto thealgorithm. Therearetwo possiblesituationsfor lighting in the

scenesdiscussedin this research:the light could be in the refractive mediumwith the

objector outsidetherefractivemediumwith theuser’seye. Neithersituationlendsitself

to a simplerenderingsolution.

If the light is with the object, the lighting computationis complicatedby the fact

that all virtual objectswill be affectedby a nonlineartransformation. As such,their
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relationshipwith the light is alteredin a nonuniformway andwould not be accurately

simulatedby simplyusingastandardlighting equation.

If the light is on the samesideof the refractive membraneas the viewer, the rays

emanatingfrom thelight sourcewouldbebentby themembranein thesamewaythatthe

user’s sight raysare. As such,the light would strike a surfaceat a differentanglefrom

that surface’s apparentorientation. Onceagain,useof the standardlighting equation

wouldproduceresultsthatwerenotaccurate.

It may be possibleto perform an additionalset of transformationson the normals

of the refractedobjectsto allow themto usestandardlighting equations.For example,

if thelight sourcewereoutsidetherefractive material,it might bepossibleto performa

secondsetof lookupsin additionto thelookupsusedto determinethepositionsof virtual

verticesin orderto transformanobject’s normals.Undersuchcases,initial raysusedin

cell creationwould originateat thelight sourceinsteadof theviewer’s eye. Shouldthis

proveeffective,it couldbeof greatusein generalrenderingalgorithmsasit maybeable

to simulatecausticeffectsaswell asnormallighting.

5.1.2 Lenses

The researchalgorithmcanonly handlerefractionthroughmembraneswherethere

is only a singlechangein the directionof the sight rays. Unfortunately, a large class

of refractive objectsfunction aslenseswherethe sight raysshouldboth enterandexit

the object before reachingtheir target. This algorithm doesnot handlesuch cases,

representinga limitation in its applicability.

Technically, themethodoutlinedin thisresearchis alsoapplicableto lenses.However,

in orderto createthecellsfor thebacksideof thelens,therefractedraysfrom thefront

of the lensmustbe intersectedwith the backfaceof the lens. If this canbe done,the

resultingcellscanbeusedby thealgorithmto to determinethevirtual verticesof thelens

with a high degreeof accuracy. The challenge,however, is the intersectionof the rays
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for eachvertex on thefront facewith thebackface- aproblemthat,in theextremecase,

causesthealgorithmto effectively becomearaytracer. It is possiblethattheintersection

of theserayswith the backfacewill not significantlyslow down the algorithmand,if

this is so,thisextensionmayprovideaviablesolutionto thelensproblem.However, this

remainsthesubjectof futureinvestigation.

5.1.3 Zones of Convergence

Zonesof convergenceareanotherchallengeto thegeneraluseof thisalgorithm.Cur-

rently, thealgorithmsimply takesthefirst virtual vertex foundandignoresany possible

alternatives.Ofek andRappoport[26] usea similar strategy whensimulatingreflection,

arguingthatzonesof convergenceappearchaoticandhencedonotneedto beaccurately

modeledto produceplausibleresults.Unfortunately, this is a fairly simplistic response

assuchregionscanaddagreatdealof visualrichnessto asceneif renderedcorrectly.

ConsiderFigure 5.1, which demonstratesthe samesequenceof imagesusing the

algorithmdescribedin this researchascomparedto a ray tracer. Although the central

trianglein theimagescreatedby thealgorithmappearsto matchwell with thoseproduced

usingtheray tracerwith only thefifth imageshowing errors,the“ring” aroundtheedge

of the refractormakesthe hemisphericalshapeof the membranemoreapparentin the

ray tracedimages.It is not difficult to arguethat the ray tracedimagesaremuchricher

visuallyandgiveamuchbetterimpressionof refraction.

Moreover, theimagesin Figure5.1canbeviewedasmoretheresultof goodluck than

robustnessin thealgorithm. Thefact that in virtually all the imagesthecentraltriangle

remaineda coherentsolid wassimply dueto the fortunatefact that the virtual vertices

of thecentralportionof therefractorwerefoundfirst. Hadthefacetson theedgeof the

refractoryieldedvirtual verticesfirst, theimagecouldhave beenmuchlesspleasing.In

fact,it is relatively rarethatimageswork outsowell. Figure5.2 containsa trianglewith

thesamedepthasthesecondimagein Figure5.1,but with thetriangleoffsetslightly to
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Figure5.1. A triangularpolygonmoving througha zoneof convergence.The top two
rowsshow imagesfrom theresearchalgorithmwhile thebottomtwo rowsareray traced.
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Figure5.2.A triangularpolygonoffsetto thesidewithin azoneof convergence.Theleft
imageis producedby theresearchalgorithmwhile theright imageis ray traced.

theside.Noticethatneitherthebodyon theleft nor thesliveron theright asseenin the

ray tracedimagearepresentedcoherentlyusingthe researchalgorithm. Instead,some

virtual verticesbelongto onebody while othersbelongto the second,resultingin the

polygonbeingshown smearedunrealisticallyacrosstheimage.

Evenwhentheimageresidesin the“sweetspot”of therefractorsuchaswitnessedin

Figure5.1 andis not subjectto smearing,movementthroughareasof convergencecan

resultin poppingartifactsasvirtual verticesjumpfrom onesideof theimageto another.

This effect is visually distractingandquitevisible. As such,thereis strongincentive to

createsomesolutionto theproblempresentedby thezonesof convergence,bothfor the

sake of improving realismandto remove theartifactscausedby the jumpingof virtual

vertices.

5.1.4 Boundaries

Yetanotherchallengethatthisalgorithmfacesis whatto doin boundarycases.These

casesoccurwhensomeverticesof a refractedpolygonresideoutsidethevisible volume

of the refractorwhile otherverticesareinside. This meansat leastpartof thepolygon
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shouldbevisible throughtherefractor, but unlessvirtual verticescanbecreatedfor all

verticesof thepolygon,it cannotbereconstructedat all. As virtual verticescanonly be

computedif the true vertex is containedin somecell of the refractor, sucha situation

would meanthat therewould not besufficient informationto draw thepolygon. If this

occurswhile thepolygonis beingmovedacrosstherefractor, assoonasonetruevertex

leavesthevisible volume,thepolygonwill disappear.

Therearea few tricks thatcanreducetheartifactscausedby this problem.Thefirst

method,implementedin thealgorithmasdescribed,is theuseof extrapolatedrefraction

rays.Theseproducerefractorcellswherethey would not normallybepresent,allowing

virtual verticesto becomputedfor every facetof the refractor. However, this still does

notsolve theproblemof whathappenswhena truevertex is translatedbeyondtherange

of any of therefractor’s cells,extrapolatedor otherwise.

A secondsolution that was attemptedwas the useof a boundaryring aroundthe

refractor. In this case,an outerring of refractorfacetsis computedfor the purposeof

creatingcells,but thisouterring is notdrawn duringthemultipassrendering.As aresult,

thevirtual verticesarecomputedusingarefractorthatis largerthanthemembranethatis

rendered.Althoughthisdoesimprovethesituationslightly, it is anunsatisfyingsolution

as it only provides a slightly larger margin of error, rather than actually solving the

problem.A largepolygonmaystill have verticesthatextendbeyondtheregion covered

by theextendedcells,andhencedisappearwhentranslatedtowardstherefractor’s edge.

Finally, the refractedobjectcanbesubdividedso thateachpolygonin the refracted

object is relatively small. If this is done, the disappearanceof small polygonswill

not be as noticeableto a user. Especiallywhen combinedwith a boundaryring for

the refractor, this methodhasthe potentialto all but eliminatethe poppingartifactsof

refractedpolygonswhenthey canno longerbe drawn. Unfortunately, this too is not a

verysatisfyingsolutionfor anumberof reasons.First, it still doesnotsolve theproblem

but only providesan additionalbuffer to reducethe visibility of the artifacts. Second,
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subdividing existing meshescan be an expensive process. Third, by subdividing the

refractedobjects,one endsup with more verticesfor which virtual verticesmust be

computed. Sinceincreasingthe numberof object verticeswasshown to significantly

reducetheframerate,addingmoreverticesis notaverygoodsolution.

Although the above methodsprovide someextra cushionto reducethe effects of

disappearingpolygons,they do not solve the problem. Ideally, a methodfor covering

all spacewith cellswould bedeveloped,thusallowing appropriatevirtual verticesto be

createdregardlessof wherethecorrespondingtrueverticeswere.Althoughthesevertices

would not be visible in thefinal rendering,they would allow all virtual polygonsto be

renderedcompletely. Ofek andRappoportsolved this problemin their reflectionalgo-

rithm by effectively stretchingthecellsof outerverticesto cover therestof space[26].

Unfortunately, refraction is a more complicatedprocessthan reflection,and it is not

apparenthow thisextrapolationshouldbeaccomplished.Attemptsweremadeto simply

extrapolatetheoutercells,but theresultsproducedwerepoorandresultedin changesto

theorientationof therefractedpolygons.Solvingtheproblemof creatingvirtual vertices

beyondthevisible volumewouldgreatlyimprovethebehavior of this algorithm.

5.1.5 Acceleration

Currently, the algorithmrequiresonecell containmenttestper vertex per refractor

facet. At the sametime, the sceneresolutionis improved both by greatersubdivision

of the refractorandof the refractedgeometry. As such,any improvementin efficiency

relatedto eitherof thesefactorscouldsignificantlyimprovethequalityof theimagethat

couldbeproducedatagivenframerate.Accelerationwouldbeespeciallyusefulfor cell

containmenttestssincethis wasshown to dominatethealgorithm’s time.

In OfekandRappoport’swork, a lookupcalledanexplosionmapwasusedto perform

an automaticdeterminationof the cell a particular true vertex was inside [26]. This

explosion map consistedof two spherescenteredat the approximatedcenterof the
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refractor. Thesesphereswere intersectedwith eachof the cells, effectively projecting

eachfacetontothesurroundingspheres.Thesesphereswerethenturnedinto 2D texture

mapswith eachprojectedfacetcolor coded. Whenperformingthe lookups,eachtrue

vertex would be projectedonto the two spheresusing a ray from the centerof the

spheres,and theseprojectedcoordinateswould thenbe turnedinto coordinatesin the

aforementionedtexture maps. By gettingthe color at the given texturecoordinate,the

cell containingthetruevertex couldbeinstantlydetermined.

The explosionmapsacrificedsomeaccuracy but, in the end,provided plausiblere-

sults while allowing the cell containmenttest to be independentof the resolutionof

the refractor. The creationof the cells and explosion map remainsa function of the

reflectorresolution.Unfortunately, preliminaryexperimentsapplyinga similar method

to refractiondid not producepromisingresults. Refractionraysdisplaya significantly

morecomplicatedbehavior thanreflectionraysfor agivenshapeandhencearenotwell

suitedfor thesimplelookupdescribedby anexplosionmap.Theresultsendedup being

significantly different from ideal valuesand did not give the appearanceof plausible

refractiondespiteseveralpermutationsof theexplosionmapconcept.As such,theuse

of anexplosionmap-like lookupwasabandonedin favor of thebruteforcecell-by-cell

lookupdescribedin this work.

Another areathat was consideredin this researchwas the useof a level of detail

methodto acceleratefacetcontainment.In sucha scheme,anareaof thesurfacewould

be approximatedasa singlesuperfacet,andcontainmentin it would be tested. Only

if a true vertex wasfound to be containedin this superfacetwould subfacetsbe tested.

By having multiple levels of resolution,the searchfor containmentcould theoretically

be reducedto a logarithmof its original complexity. Unfortunately, it is unlikely this

methodwould be fruitful sincesubcellsarenot necessarilyguaranteedto be contained

by their supercellnor is their unionguaranteedto completelycover thespacedefinedby

their supercell.As such,themethodwouldprobablyproducehighly flawedresults.
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As described,theaccelerationof thecell containmenttestswouldbeof greatuseasit

wouldallow thealgorithmto providesignificantlybetterresolution.However, thenature

of refractionmakesit very difficult to simplify with any degreeof accuracy. As such,

this remainsanareaof futureinvestigation.

5.2 Applications

The algorithm presentedby this researchrepresentsan early demonstrationof the

power of modelingrefractionusinggeometrictransforms.As notedearlier, muchwork

still remainsbeforethe algorithm will be able to provide the samescenecomplexity

currently associatedwith scanline renderers.However, even at this early stage,this

algorithmis capableof accuratelyrenderingscenesthatpreviousmethodswould either

have beenunableto presentaccuratelyor which would not have beenpossibleat inter-

active rates.

Figure5.3 shows views from a simpleprogramimplementedusingthe researchal-

gorithm. The scenecontainsa well with a meshrepresentingthe surfaceof the water.

Beneaththewatersurfacearethreedolphins,eachwith 285vertices.In additionto the

dolphins,the texturedwalls andfloor of the well arealsorefracted,adding481 more

verticesto the scenefor a total of 1336 refractedvertices. The surfaceof the water

has484 facetswith the verticesarrangedin concentricrings. The surfaceof the water

is animated,which forcesall stepsof the algorithm to be performedfor eachframe.

Nonetheless,theprogramis ableto maintaina rateof between15 and27 fps depending

ontheviewing angle.Thisprovedto beadequateto makethemotionof thedolphinsand

thewaterappearsmooth.

Theimagesin Figure5.3werecreatedusingFresneleffectscombiningtherefracted

scenewith anenvironmentmapof thesky. Thereflectedsky is especiallynoticeableat

low viewing angleswherethe Fresnelterm is greater. The imageswerealsorendered

usinga slight linearattenuation,which accountsfor thesubtledifferencesin theshades
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Figure5.3. Imagesproducedusingtheresearchalgorithm.

of thedolphins. In orderto have smoothconnectivity for objectsthatbreakthesurface

of thewater, if a truevertex wasfoundnot to be in thevisible volume,a virtual vertex

wascreatedwith thesamecoordinatesasthetruevertex. Althoughthisproducedsmooth

surfaceswhereobjectsbrokethesurfaceof thewater, it introducedits ownsetof artifacts,

especiallyat thebottomof thewell. Sincetheforeshorteningeffectof refractioncreated

a virtual well bottomthatwassignificantlyremovedfrom the truewell bottom,bottom
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polygonsthatcontainedverticesbothinsideandoutsidethevisiblevolumeendedupbe-

ing stretchedbetweenthetrueandforeshorteneddepths.Thisproducedvisiblestretching

of thewell bottomtexture,whichcanbeenseenalongtheloweredgeof theimagewhere

the dolphin breaksthe surfaceof the water. However, even in animatedscenes,this

artifactis relatively minor andcanappearto beanaturalresultof refraction.

Thewaterwasmodeledwith a relatively low amplitudefor thewaves.Sincea wave

peakhasa converging effect on the sight rays, as opposedto a trough, which hasa

diverging effect, therewill be zonesof convergencewithin the scene. However, by

keepingthe wave amplituderelatively low, thesezonesof convergencedo not appear

until below the bottom of the well and henceno scenegeometryentersthem. This

is an exampleof how control of the scene’s geometrycan be usedto avoid zonesof

convergenceevenin thepresenceof a convergingmembrane.

Theprimarycontribution of this work is thedemonstrationof thefeasibility of geo-

metricmethodsin accuratelysimulatingrefractionin scanline renderersusinggeneral

refractorshapes. Previously, the limited body of researchinto the useof geometric

transformsto simulaterefractionhadfocusedon a small setof shapesfor the refractor.

It is hopedthat the researchput forward in this thesis,althoughstill requiringa large

amountof additionalwork to achieve the level of realismthat canbe expectedin most

scanline renderedscenes,demonstratesthe promiseof this type of algorithmandwill

sparkadditionalinvestigation.
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