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ABSTRACT

This researchexaminesthe useof geometrictransformationsas a generalsolution
for simulatingthe appearancef objectslocatedinsiderefractve materials.In the past,
refraction has beensimulatedeither using ray castingschemesor texturing methods.
Ray castingcanproducehighly accurateesults,but tendsto be processointensive and
non-interactre. On the other end of the spectrum texturing methodstend to be fast
but relatively inaccurateapproximationof refraction. This researchldemonstratethat
refractioncanbe simulatedusinggeometridransformsn a mannerthatis bothfastand

accurate.
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CHAPTER 1

INTRODUCTION

Refractionis an importantfeaturein producingcorvincing computergraphicsim-
agery Theabsencef refractionin a scenewhereit would be expecteds oftenapparent
to a viewer. Consideranimagecontaininga pool of wateror a glassvessel. If these
objectsdid not refractlight, viewerswould noticesomethingamiss,andthecomposition
of the objectsthat shouldbe refractingwould be calledinto question.Hence,in scenes
containingsuchobjects refractionprovidescluesaboutthe compositionof therefractve
materialto theviewer.

For this reason,refraction has beenthe subjectof active research. Someof this
researchhasfocusedon more accuratelysimulatingthe physical propertiesof refrac-
tion. Although suchwork hasbeenableto producehighly realisticimages,physically
basedrenderergdo not run at interactve frame rateswithout the highly optimizeduse
of hardwareor parallelprocessingThis makessuchmethodsprohibitive to the general
user

At the otherend of the refractionproblem,someresearchhasattemptedo merely
produceplausibleapproximationsof refraction,but to do so at interactve framerates.
Generallythis forcesthe authorto make simplifying assumptiongsiboutthe surrounding
geometryor the shapeof the refractor Although suchalgorithmscan often give the
impressiorthatrefractionis occurring,they mayalsogive misleadingmpression®f the
objectandits surroundingslueto the simplifying assumptions.

This work bridgesbetweenthe accurate-bt-slov and the fast-lut-inaccuratesolu-

tions by creatinga methodthat givescorrectappearanceat interactve framerates. It
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accomplisheghis task by using geometrictransformsof scenegeometryto reproduce
theappearanca givenobjectwould have if it hadbeenrefracted.The useof geometric
methodsin this mannerhasbeenattemptedoreviously andhasbeenshavn to produce
plausiblerefractionat a fraction of the time requiredby ray castingmethods.However,
thusfar, the useof geometrictransformsto simulaterefractionhave beenlimited to a
smallsetof refractorshapesThiswork exploresmethodgo applythespeedf geometric
algorithmsto all refractorshapes.

This work focusesexclusively on refractionthat resultsfrom a single changeof
directionto thesightrays. Suchasituationwould occurif theviewer’ssightray entereca
refractve mediumthrougha point onits surfaceandthennever left this secondnedium.
The surfacethat separateshe mediumin which the viewer is setandthe mediuminto
which they are looking is referredto as a refractive membane or just membranen
this thesis. Examplesof this sort of scenewould be looking into a pondor otherbody
of water This researcldoesnot concernitself with scenesn which the sightraysbend
multipletimes. For example,in ascenecontainingaglassbottle,whenonelooksthrough
thebottleatanobjectbehindit, thesightraysbendtwice: oncewhenenteringthebottle,
and againwhen exiting. Refractive objectsthat a userlooks through, as opposedto
into, in orderto view an objectwill be calledlensesandare not studiedin this work.
Finally, thiswork is primarily interestedn thecorrectplacemenbf geometryto simulate
refractionanddoesnot concerntself with correctlylighting theseobjects.

In additionto the developmenbf thealgorithm,theresultsareanalyzedor accurag.
This is done by comparingthe imagesproducedby the algorithm againstray traced
versionsof thesamescenedo verify theapparenplacementf refractive objects.Further
analysisis performedby comparingthe algorithm’s placementagainstthe theoretical
positiona virtual vertex shouldhave. In this way, it is hopedthat this work presentsa

convincing agumentfor the potentialof usinggeometrianethodgo simulaterefraction.



CHAPTER 2

BACKGROUND

Refractionhasbeenan active subjectof researchn computergraphics.This chapter
outlinesthe previous work that hasbeendonein simulatingrefractionin renderedm-
ages.Thischaptemwill alsolook atthe mathematicatlescriptionof therefractve process

itself in orderto betterunderstandhe phenomenon.

2.1 Previous Work

Althoughthis researcHocusesexclusively on the refractionproblem,it is alsonec-
essarnyto discusssomeof the work thathasbeendonein reflectionaswell. Thisis due
to the factthat mostmodernmethodgsor producingrefractionin imagescantracetheir
originsto techniqueslevelopedto solve thereflectionproblem.Similarly, therefraction
algorithmpresentedn this work is basedon Ofek andRappoports [26] reflectionalgo-
rithm, makingthe problemsthat promptedtheir work relevantaswell. Becauseof the
closeassociatiorbetweerthetwo areaf researchthis sectionwill provide asummary
of bothreflectionandrefractionmethods.

Thusfar, mostresearchnto simulatingreflectionandrefractionhasfalleninto three
cateyories:ray tracing,texturing methodsandgeometridransformationsThe methods
focuson differentaspect®f the problem,andeachmethodhasits own relative strengths
andweaknessesThesestrengthsandweaknessewill be discussedn turn alongwith
somemethodsthat have beendevelopedto addressnherentproblemswith eachtech-

nique.



2.1.1 Ray Tracing Methods

Raytracingwasintroducedn computemgraphicsan 1968[2] but did notbecomeoop-
ularin the graphicscommunityuntil the 1980paperby TurnerWhitted [41]. Whitted’s
paperfirst proposedhe useof ray tracingasa meansof simulatingreflectionandre-
fraction. Ray tracing solves reflection and refraction problemsby tracing sight rays
from the users eye throughthe scenegeometry The ray directionsare changedased
on the physical mechanicsof how light is reflectedor refractedoff objects. Doing
this simulatesthe physicalprocesseshat governthesephenomenand,asa result, the
algorithmproducesmageshathave veryrealisticappearanced.hedisadwantageof this
techniqués thatthe processs computationallyintensve sinceevery pixel in theimage
mustcorrespondo atleastoneray which, in turn, mustbe comparedepeatedIyto find
intersectionsvith the scenegeometry As imageresolutionandscenecompleity grow,

this expensdancreasesswell.

Whitted useda Phonglighting model[29] to determineghe amountof light reflected
andrefracted.Thisis anempiricalmodelwhich, althoughit is fastandgivesa plausible
appearanceds not physicallyaccurate Physicallybasednodelshave beenproposedas
animprovement[4, 9, 37] and have beenintegratedinto ray tracingroutines,but these
modelsalso tend to increasecomputationtime. ChristopheSchlick [31] proposeda
modelthat took into accountseveral physicalpropertiesthat the Phongmodel missed
(enegy conseration, Fresneleffects, etc.) and createda lighting modelthat allowed
the userto vary compleity basedon the needfor realism. More significantly Schlick
describesa simple approximationof the Fresnelequationthat allows it to be factored
into the lighting computationat little cost. The resultwasanimprovementin physical

accurayg overthe Phongmodelwithout a significantincreasen renderingtime.

Although theseenhancementielp improve the realismof the renderedscene they
do not solve ray tracing’s mostseriousdravback: computationakxpense. Several re-

searcherbaveinvestigatednethodd4o meetthis challenge Oneof themostsuccessfubf
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thesehasbeenthedevelopmenbf acceleratiorstructuresThefirst acceleratiorstructure
suggesteavasthe useof boundingvolumes.Boundingvolumesareshapesvith simple
intersectiorncalculationghat surroundoneor moreobjects.By determiningthata given
ray doesnot intersectsomeboundingvolume, all intersectiontestswith the geometry
insidethevolumecanbeavoided. This methodwasintroducedoy Whittedin hisoriginal
paper[41] andfurther developedby a numberof otherresearcher§30, 23, 15,40]. A
secondmethodis to performspatialsubdvision of the scene.In this method,the scene
is partitionedinto volumes.Thesevolumesarethencategorizedby whetherthey contain
the edgeof somescenegeometry By classifyingall spacein this manneyit becomes
possibleto quickly eliminate rays that have no chanceof intersectingary geometry
Severalresearchebave developedmethodsalongthesdines[14, 21,20, 13]. Theseand
otheracceleratiorstructuresareoutlinedin the 1985surnwey by Arvo andKirk [3]. These
methodscanimprove thespeedf aray tracerby ordersof magnitude However, despite
thedegreeof thisimprovementmostray tracerswill still notoperateatinteractve frame
rates.Moreover, assigninghescenggeometnyto thesestructurecanbetime consuming,
which makesthesemethoddessusefulin dynamicscenes.
Anothermethodthathasrecevedagooddealof attentionis theuseof geometryother
thanraysto tracesight paths. Heckbertand Hanrahardevised a methodcalled “beam
tracing” wherein“beams”are usedinsteadof simplerays[16]. A beamis definedasa
line segmentthatis sweptthroughthe scenegeometry Whena surfaceintersectionis
detectedthe beamis subdvidedandthe sub-beamsontinueto tracethroughthe scene.
Theproceduraloesresultin aspeedmprovementandproducesorrectreflectionsfrom
planarreflectorssincethey would resultin a linear transformof the beam. However,
curved reflectionand all refractionmap poorly to suchan enhancemenbecausehey
represenhonlineartransformationsAs a result,thereis not a simpleway to transform

beamgo representheir effects. Anothermethodin a similar vein thatwasdevelopedat
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roughly the sametime is called“cone tracing” [1] whereinintersectionswith conesare
computedalthoughthe primary purposeof this work wasto reducealiasingartifacts.

Formellaet al. [12] found a way to acceleratgay tracing algorithmsin animation
by takingadwantageof spatialandtemporalcoherencdetweerframes.The premiseof
their work is thatthe differencein relative objectpositionsbetweenconsecutre frames
is likely to be small, and hencethe rayswill 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
implementationthis is still not sufficientto produceinteractve framerates. Moreover,
the algorithmis not aseffective if the users eye positionmoves,sincethis changeghe
relative locationof all objectsin thescene.

Oneof the mostpowerful methodsof improving the framerate of ray tracedscenes
hasbeenthe useof parallelprocessingBecauseachray is independenbf every other
ray, groupsof rays can be assignedo different processorsand their pathscomputed
in parallel. This hasallowed complicatedsceneso be renderedat interactve frame
rates[28]. Unfortunately parallel processingby definition, requiresaccesdo a large
numberof processorsAs only academioor industrialernvironmentsarelik ely to have
accesgo this amountof processingpower, large scaleparallel processings not always
anoption.

Sometechniqueshave soughtto combatthe computationakcompleity problemby
combiningray tracingwith scanline techniqueq34, 38]. Thesealgorithmsray trace
only the portionsof imagesthat cannotbe accuratelyrenderedusing normal scanline
algorithms suchasobjectsthatarereflectve or refractve. Thisdoesprovide asignificant
acceleratiorof the rendering but to maintainimagequality andinteractve framerates,
this methodstill relieson somelevel of parallelprocessingThusthe methodis still not

asolutionavailableto all users.
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Wald and Slusallekhave produceda summaryof acceleratiormethodsfor ray trac-
ing [39]. In their conclusionthey claim that throughthe aggressie use of hardware,
eitherthroughthe developmentof specialpurposeray tracing hardware or by careful
constructiorof the programto take advantageof memoryandothercapabilitiesthegoal
of realtimeraytracingis realizablesvenwithouttheuseof parallelprocessorsHowever,
althoughit is possibleto implementthesesolutionson mostmodernarchitectureseach
architecturewould requirea customtailored implementation. Technologyhasnot yet
adwancedenoughto provide a generakolutionalongthesdines.

In conclusionyay tracinghasdemonstratethatit is capableof producingphysically
accurateapproximation®of the behaior of light in scenewith reflectve andrefractve
materials.In factmary authorsuseraytracedmagesasastandarcigainstwhich new re-
flective or refractve techniquesrejudged[7, 26]. However, the computationakxpense
of the algorithmremainsprohibitive in mostsettings.The ability to performinteractve
ray tracing, althoughdemonstrablypossible,is entirely dependenbn the renderers
ability to take maximaladwantageof the availablehardware. For this reasonproduction
of arealtime ray traceroftenrepresents significantinvestmenbf resourcesAs such,
theuseof ray tracingrendererss generallyresenedfor casesn whichinteractve frame

ratesarenotarequirement.

2.1.2 Texturing Methods

The first methodto producereflectionfrom curved surfaceswas“environmentmap-
ping, developedby Blinn andNewell in 1976[5]. This methodtakesadwantageof the
fundamentalaw of physicsthat,for a perfectlyreflectve surface, theangleof incidence
equalgheangleof reflection.Giventhatnormalsatary positiononanobjectarealready
availablefor lighting calculationsit is possibleto quickly and efficiently computethe
direction of a reflectedviewing ray. Blinn and Newell usedthis reflectionvectorasa

lookupinto atexturemap.In thisway, it is possibleto mapanimageof the surrounding
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sceneontothe surfaceof the objectin suchaway thatit lookslik e the objectis actually

reflectingthis scene.

Although this methodhasprovento be very efficient, it containssomelimiting as-
sumptions.Specifically becausehe texture lookupis performedusingthe directionsof
reflectedrays, two points on an objectthat producedthe samereflectedray would be
mappedo the samepartof the environment. Althoughthis is anacceptablepproxima-
tion if theervironmentis alongdistanceawayfrom thereflector it becomesncreasingly
lessaccurateasthereflectedobjectgetscloserto thereflector A secondcchallengen the
useof ervironmentmappingis the creationof the environmentmapitself. A seriesof
photographghat provide a covering of the spacearoundthe objectcanbe warpedand
used putarny renderedyeometrywill poseaproblem.Thisgeometrywould notbepartof
theinitial scenamageandmustbeintegratedinto the ervironmentmapsomeha. This
canmeanthatadditionalimagesmustbe renderef the scenefrom the perspectie of
thereflectorin orderto createthemap. This canbeacomputationallyexpensve process.
For example creatinga cubemaprequiressix additionalrenderingpassedemade gach
of which would needto be recomputedf the viewer, reflector or ary reflectedobject

wereto move.

Therecanalsobe a problemwith discontinuitiesin the texture. Blinn and Newell
useda sphericalcoordinatelookup for their mapping. This, however, meansthe two
polesare mappedto the entire upperand lower rows of the texture imagesproducing
two singularitieson the mapped-eflector Several othertexture projectionschemesave
alsobeenusedbut all have singularitiesor otherartifacts. This challengevasmetby the
creationof view independenervironmentmapsby Heidrich and Seidelin 1998[18].
Unlike previous solutions, this allowed a relatively artifact free environmentmap as

viewedfrom anarbitrarylocationwithout a significantincreasen computation.

Therehasalsobeensomework doneatincreasingherangeof materialpropertieghat

canbe expressedisingernvironmentmaps. The mostbasicenvironmentmapsassumea
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perfectlyreflectve surface,which doesnot exist in reality. Severaltechniqueg17, 22]
have beendevelopedto simulatemorediffusereflectorsaswell asreflectorshathave a
greaterspeculareflectionin certaindirectionssuchasturnedmetal. Thesehave allowed
ervironmentmapsto bettersimulatea wider variety of objects.

The useof texturesfor refractionis basedn a conceptsimilar to environmentmaps.
In essencearefractorwould betexturemappedn suchawaythatthecolorsmappedo a
particularpointontheobjectareappropriatéo whatwould be seenf thesightray of the
viewer wasactuallyrefractedthroughthe object. Therearetwo methodghathave been
usedfor this effect. The first takes advantageof ervironmentmappinghardware that
exists in mary moderngraphicscards. This hardware performstexture lookupsbased
on vectordirections.However, insteadof usingthe reflectionvectorfor the lookup,the
programwould computehedirectionof theexiting refractionvector[19]. Unfortunately
this methodhasthe samelimiting assumptiorasthe environmentmapalgorithmin that
it is only correctif the ervironmentis locatedat a greatdistancebehindthe refractor If
theobjectis nearbythis mappingwill bevisibly incorrect.

A secondmethodis to actually warp the texture coordinatesof a textured plane
positionedbelow therefractor This canbe doneeitherprocedurally{25] or by sparsely
castingraysinto the refractve mediumandinterpolatingwherethey hit an unmodified
texturedbackdrog6]. Althoughthis methoddoesprovide a solutionto therequirement
that the backgroundbe far away from the refractor it requiresthat the backdropbe
roughly planar If thisis notthe case the planarnatureof the backdropusedto display
thewarpedtexture canproducevisible artifacts.

Thesemethods,both called “refraction mapping;, can easily be madeto work in
real time and provide plausibleapproximationof refractionproviding their bounding
assumptionsanbe met. However, they aretied to the aforementionedssumptionsind,

if theseceaseto be true, theimagewill display noticeableinaccuracies.Moreover, as
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with environmentmapping thesemethodsassumehatrefractedgeometryis static. Any

changesn the backgroundyeometrywould requireare-renderingf therefractionmap.

2.1.3 Geometric Methods

A third optionfor modelingreflectionandrefractionis to performgeometridransfor
mations. This is basedon the obsenationthatreflectioncanbe simulatedby creatinga
"virtual object” ontheothersideof areflectve surface[11]. Whenthereflectve surface
is planar this transformatiorwill be correctregardlessof the locationof the viewer as
demonstrateéh Figure2.1. In thisimage,the black circle representshe actualobject,
the white circle represents virtual objectplacedbelow the surfaceof thereflector and
thedottedcirclesrepresentgheviewer’s eye positions.This virtual objectappearsatthe
correctpositionanddistanceelative to theviewerto producetheillusion thatthesurface
is reflectingthe original object.

Theusualprocedurdor this technigues to renderthe surroundingscenesteflectthe
world to the otherside of thereflectingplane,andthenrenderonly wherethe reflector
is visible. Suchtechniquesare often called multipassrendering[10]. Stencil buffers,

commonto mostmoderngraphicscards make thealgorithmpossibleatinteractve frame

rates.

Figure2.1. Reflectionoff a planarsurfacefrom two eye-points.
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In orderto know how anobjectshouldbetranslatedit is necessaryo know thenormal
of thereflectoratthepointwherearay from theviewerwouldreflectin orderto strikethe
object. Thenormalandthe pointof intersectiorwith thereflectordefinethe planeacross
which the objectwould be reflected. Sincethe normalof a planarreflectoris constant,
the translationcalculationis trivial. Unfortunately the situationbecomessignificantly
more complicatedf the reflectoris not planar This is dueto the factthatthe effective
planeof reflectionis differentfor geometryin differentplacesin the sceneandchanges
asthe viewer moves. As aresult,dependingon wherethe useris, the reflectedobject
may appearat differentlocationson the reflectorasshown in Figure2.2. As before the
blackcircleis thesceneobject,the dottedcirclesrepresentwo differentviewpoints,and

thewhite circlesrepresenthetwo virtual objectsassociateavith thetwo eye positions.

Moreover, if thereflectedobjectis large, differentpartsof anobjectmaybereflected
acrossdifferent planes. This accountsfor the stretchingand shrinking one seesin a
fun-housanirror. Concae reflectorsaddyetanotheievel of difficulty asa singleobject

may bereflectedrom morethanonepointonthereflector

ChenandArvo [7, 8] proposedusing perturbationtheoryto solve this problem. In
their methoda sparsesetof raysarecasttowardthe reflectorandintersectionswith the

surroundingscenearerecorded.The gapsin the sparseracingarethenfilled in using

OO

Figure2.2. Reflectionoff a curvedsurfacefrom two eye-points
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perturbatiortheoryto evaluatehow the directionof thereflectedray would changegiven
changesn thesurfaceof thereflector Theseeflectedraysindicatewhichverticeswould
needto be transformed.At the sametime, it canbe assumedhat the normalsat each
point of the reflectorarealsoknown. As such,enoughinformationexiststo transform
the surroundinggeometry The limitation of the methodis thatit mustbe possibleto
representhereflectorusingimplicit equations Althoughmary formsof geometryhave
a readyimplicit description,it is extremelydifficult to develop an implicit equationto

describeanarbitrarypolygonalmesh.

A secondnethodwasproposedy Ofek andRappoporin 1998[26]. In thismethod,
rays are casttowards eachvertex on the reflector Eachfacetof the reflectorthen
definesa cell, which is boundedby the reflectedrays. Together the cells of all the
facetspartition the spacewhereobjectscould potentially be seenin the reflectorfrom
the currenteye position. To createa virtual vertex, onedeterminesvhich cell contains
the correspondingertex of the original object, calledthe true vertex, andthe vertex's
barycentriccoordinateselative to the reflectedraysthatdefinethe cell. Giventhe cell
andthe barycentriccoordinatesit is possibleto interpolatebetweerthe facets vertices
to find the point of intersectionon the reflectors surfaceandbetweenthe facets vertex
normalsto find theinterpolatechormalatthis point. As thisis enoughto definetheplane

of reflection thetruevertex canthenbetransformedo createa virtual vertex.

Geometridransformshave alsobeenusedto approximateefraction[10]. Thetheory
behindusing geometrictransformsis that correctly placedvirtual objectscanapprox-
imate the effects of refractionin the sameway they simulatereflection. In Figure2.3
we seehow a virtual objectcould be usedto represena true objectthrougharefractve
medium.As before theblackcircle representghetrue object,thewhite circle represents

thevirtual object,andthe dottedcircle representsheviewer’s eye position.

Note that the virtual objectis closerto the membrandahanthe true object. In fact,

the length of the ray from the surface of the refractorto the virtual objectis shorter
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Figure2.3. Refractionthrougha planarsurface.

thanthe ray to the true object. This effect is called foreshorteningand occursasthe
light raystravel througha mediumwith a differentrefractve index thanthe viewer’s
medium([35, 36]. If theviewer’sindex of refractionwerelowerthanthatof therefractor
the objectwould appearto be closer Likewise,if the viewer wasin a materialwith a
higherindex of refraction,the objectwould appeaito be moredistant. The mechanisms
thatgovernthis phenomenoarethesamen eithercaseandwill becalledforeshortening
in both instances. Figure 2.4 demonstrateshe effect of foreshorteningon a planar
surface.In thisfigure,thedottedcircle atthetop representtheviewer’s eye position,the
dashedine is theboundarybetweertwo substancewith differentrefractve indices,the
bottomline representshe a solid objectbeingobsered by the viewer, andthe curved
line representshe apparenpositionof the bottomrelative to the viewer.

Theuseof geometridransformationgo simulaterefractionwassuccessfullydemon-

Figure2.4. Foreshortening.
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stratecby Diefenbact10]. Diefenbachstechniqueassumea planarrefractorandusesa
modifiedperspectie matrix to achieve therefractioneffect. Theideais basedntheob-
senationthatif oneback-tracesefractve rayswhenviewing therefractorathighangles,
theraysappeaito corvergeto asinglepoint. By resettingthe perspectie appropriately
one can producea scenethat appearsapproximatelycorrect. Unfortunately even for
planarsurfacesthe concepbf a pointof corvergences only anapproximatiorandonly
worksif the viewer is looking into the refractve mediumat a relatively high angle. As
the anglegetslower, the errorin the approximationncreasesFigure2.5 demonstrates
the lack of a true point of corvergence,evenwhena refractoris viewed from directly
above. In this image,the dottedcircle representshe users eye position, dashedines
show theoriginal sightrays,andthe solid linesshow the back-tracedefractionrays.

In addition, the useof a perspectre matrix to simulaterefractiononly works for a
planarrefractor If onewishedto have a curved refractor this techniquewould not be

sufficientto produceplausibleresults.

Figure2.5. Theback-tracedinesof refractionatawide angle.
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2.2 Mathematical Preliminaries
Thephysicalphenomenowof refractionis fairly well understood@ndcanbeexpressed

througha numberof mathematicatheoremsThe mostfamousof theseis Snell’s law:
nq sin 01 = N9 sin 92 (21)

wheref; is the angleat which the ray strikesthe refractve membranerelative to the
membranes normal, , is the angleof the refractedray relative to the negative of the
membranes normal,andn,; andn, aretherefractve indicesabore andbelowv the mem-
brane respectrely. Figure2.6 demonstratethe physicalprocessesdescribedy Snell's
law.

As it is often easierto treatraysasvectors,Equation2.2 [32] is often usedin algo-

rithmsto computethe directionof refractedrays:

p_m(D-ND-N)) _ Nd 1= (D-Ny) 22)

Ny n3

where D is the direction of the original ray, N is the normal at the point where D
intersectsthe membraneand R is the direction of the refractedray. One of the nice
propertiesof this equationis thatif theinput vectorsarenormalizedthe resultingvector
will benormalizedaswell.

Of course Equation2.2immediatelybegsthequestiorof whatto doif thevalueunder

the squareroot is negative. In sucha casethe angleof incidenceandrelative refractve

D N

\Hlj
s

Figure2.6. Snell’s law.
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indicesare suchthatlight is unableto crossthe membraneat that point andis instead
reflected,a phenomenorralledtotal internal reflection Theinequalityin Equation2.3
describeghevariousvaluesnecessarjor sucha phenomenoro take place.
sin(6;) > 2 (2.3)
ny

Note thatthis inequalitycanonly be satisfiedwhenthe interior index n, is greaterthan
the exteriorindex n;. Theanglethatmarksthe onsetof total internalreflectionis called
thecritical angle

A secondproperty importantto simulatingthe refraction effect is foreshortening.
As describedearlier light will appearto travel differentdistanceghroughmediawith
different refractve indiceswhen viewed from outsidethat media. This accountsfor
the magnifying effect producedby placingan objectin a smoothbody of water The
foreshorteningequationis notempiricalbut canbederivedusingSnell'slaw [36]. Equa-

tion 2.4 describeghis behaior.
d =—d (2.4)

whered is theactualdistancethe ray travelsthroughthe medium,andd’ is the apparent
distanceheray travelswhenviewedfrom outsidethis medium.

Combining Equations2.1 and 2.4 yields the interestingresultthat a virtual vertex
will bedirectly “above” thetrue vertex, where“above” is definedasthe directionof the
normalatthe pointwheretheincomingray strikesthemembraneThisis apropertythat
refractionshareswith reflection. Thederwationis asfollows. Figure2.7 shavsthe setup

for this derivation.
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dl

Figure2.7. Setupfor proof of Equation2.5

w
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dsin 02

From Equation 2.1

From Equation 2.4

(2.5)

Anotheraspecif bothreflectionandrefractionthatrendererdrequentlyattemptto

simulateis the degreeto which a particularviewing anglechangesa surfaces ability

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

behaior of objectswhereinthey appeato becomeamnorereflectve andlessrefractive as

theviewing anglebecomesower relative to the surface.For anexampleof this, consider

a panelof glass. Whenlooking directly into the panelone seeswhatever is behindthe

glass.In otherwords,the glassdoesnot appeawery reflective but is very refractve. On

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

inch or soabove the panelandlooking alongthepanelslength,thenonewill seeafairly

clearreflectionoff the surfacewnhile the materialon the otherside of the glasswill be
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lessdistinct. In otherwords,atthislow anglethe panelis morereflectve thanrefractive.

Thisis a subtledifference put includingit addsa lot to therealismof arenderedscene.

The Fresneleffect is describedy the Fresnelequationshaovn in Equation2.6 along

with associate@ssignmentf27]:

v = half the angle between the viewer and the light source
¢ = cos(y)
3!
n = —
No
¢ = nf+ct-1
(g —c)? (clg+0) 1)
F = 1+ 2.6
9= e o - 1y 29

whereF'(c) is avaluebetweerD for noreflectionand1l for perfectreflection. Theresult

is thefractionof theincominglight sourcethatwould reachthe viewer.

Since Equation2.6 is relatively expensve to compute,the Sdlick approximation

developedby ChristopheSchlick,is oftenusedinstead:

_ (n—1>2
r= n+1

Fle) = r+(1-r)(1-¢)° (2.7)

As before theequatiorproducesnumberbetweerD andl indicatingfractionalspecular
reflectanceat the given angle. The error introducedby this approximationis quite
small and,in practice,tendsto resultin no significantdifferenceover the full Fresnel
equation27].

Equations2.6 and 2.7 describethe speculareflectanceof a light sourceoff a given
surface.In generalwe wish to know the overall reflectanceta givenangleto determine
how clearthe reflectionis at this point. For this calculationwe substitutey in Equa-
tions2.6and2.7 with ¢, [33]. In doingso,the abore equationscomputethe fraction of

thereflectedight enegy thatwould reachtheviewer atthe givenviewing angle.



CHAPTER 3

ALGORITHM

The basicalgorithmpresentedn this researchs relatively simple. It is designedo
simulatea scenecontainingtwo mediawith differentrefractive indiceswith the users
eye in onemediumandan objectin the second.This situationcauseghe positionand
shapeof the obsened objectto be alteredbasedon the indices of refractionand the
viewing anglesinvolved. The algorithm developedduring the courseof this research,
henceforthreferredto asthe reseach algorithm, allows the verticesof the objectto be
transformedn sucha way asto provide an accurateappearancef this movementand
warping.

Becausé¢his methodconcernstself only with singlemembraneasopposedo lenses,
it is importantto notethatthe algorithmassumes refractorthatis anopensurface.For
example themethodcouldbeusedto refractthroughthesurfaceof abodyof watersince
the membranébetweerthe air andthe wateris an opensurface,but not throughclosed
objectssuchasbottlesof liquid or glassspheres.

This chaptemwill describethe centralalgorithmfocusingon areasof particularcom-
plexity in theimplementation.The discussiorof the algorithmwill alsoincludeseveral

smalladditionsthatcanbe usedto enhanceherealismof theimageproduced.

3.1 TheCoreAlgorithm
Thecorepartof thealgorithmpresentedherecanbedividedinto threesteps:
1. Computethe membranes cells. Eachfacetof the membranéiasonecell. Thecell
is cappednoneendby thefacetitself andboundon thesidesby therefractedsight

raysthroughtheverticesof thatfacet.
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2. Determinewhich cell containsa giventrue vertex andusethis to computea virtual
vertex.
3. Rendetthevirtual verticesin suchaway asto createa completerefractedobject.
It is not alwaysnecessaryo performall threestepsevery time the sceneis refreshed.

Thefollowing sectionswill discusseachof thesestepsn detail.

3.1.1 Cadll Creation

Cell creationis the first stepin the researchalgorithm. Eachcell correspondgo a
singlefacetof the piece-wiseplanarapproximationof the membrane.Any true vertex
locatedwithin a cell can be seenthroughthat cell’'s facetfrom the viewer’s current
position. Together all the cells of the refractordescribethe volume that can be seen
throughtherefractors surface,calledthevisible volume This researclassumeshatthe
facetsof the refractorare definedusingtriangles,althoughary facetingschemewould
work andcanbereadilyadaptedo this method.Cellsonly needto berecomputedf the
positionof the viewer’s eye changeselative to the refractor In this case changingthe
view by rotatingthe eye orientationwithout changingits positionwould not necessitate
this stepberepeated.

To computethe cells of therefractor it is necessaryo go througheachof therefrac-
tor’'s verticesandcomputethe directionof the refractedsightrays,calledthe refraction
raysin this researchgiventheindicesof refractionandthe viewer’s eye position. For
eachsightray, giventherefractors surfacenormalatthatvertex, it is possibleto quickly
computethedirectionof therefracteday throughthatpointusingEquation2.2andusing
therayfrom theviewer'seyeto therefractorvertex astheoriginalsightraydirection. The
directionsof therefractedraysarethenstoredfor usein thenext stepof thealgorithm.

Therearetwo specialcaseshat mustbe handledin this step: positive dot products
and total internal reflection. Technically undertheseconditions,there should be no

refractve ray throughthat particularvertex. However, if no ray is createdfor a given
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vertex, no cellscanbe createdor arny adjacenfacets.Theresultwould bethatall such
facetswould displayno refractedgeometry This leadsto two problems.First, the bad
vertex mayonly representhefacets conditionat oneendandrefractioncould normally
happerovermostof theareaof thefacet.In thiscasetheabsencef ary visiblerefracted
geometrythroughthe facetwill be noticeablyincorrect. The secondoroblemis thatif a
true vertex is not inside somecell, no virtual vertex canbe createdfor it. If a polygon
is missinga virtual vertex it will not be possibleto draw the virtual polygon, even if

the otherverticesof the polygonwerewithin cellsandhadvirtual vertices.In this case,
the virtual polygonwould not be displayedeven thoughmostof it shouldbe visible.

Thus, althoughit is not physically correctto do so, we would like to createrefraction
raysto allow the creationof cellsfor all refractorfacets.This would allow usto display
geometrythat would otherwisebe impossibleto drav dueto missingvirtual vertices.
This is doneby creatingequationgo extrapolatethe behaior of refractionraysto the
previously mentionedsituations.Overall the useof extrapolatedrefractionimprovesthe
appearancef imagescreatedusingtheresearctalgorithm.

If the dot productis positive, this indicatesthat, accordingto the definition of the
surface,the sightray is actually passingout of the refractorsurfaceratherthaninto it.
This may happendueto facetingartifactsevenif someof the facetsthis vertex bounds
facethe viewer’s eye. To producea refractionray for this vertex we usea modified
versionof Equation2.2 wherethe dot productof the ray from the eye andthe normalis

assumedo bezero.

rR=D"% N J1-1 (3.1)

The effect is that the sightray is treatedasif it were orthogonalto the normal of the

vertex. As aresult,whenthe viewer's eye moves, the direction of the refractionrays
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move smoothlywith no jumping whena vertex switchesfrom front to backfacingor
viceversa Evenwhenthereis no switchin front/backfacing,therefractedray direction
matcheghe movementof its surroundingrays smoothlyasthe users eye moves. As a
result,it is virtually impossibleto pick out raysthatusedEquation3.1 from thosethat
undego normalrefraction.

The procesdor extrapolatingrefractionraysin placesof total internalreflectionis
likewise simple. As mentionedearlier total internal reflectionoccurswhenthe value
underthesquarerootin Equation2.2 becomesiggative. Technically light shouldnot be
ableto crossthe membraneat this angleand shouldinsteadbe reflected. However, as
statedbefore,we wish to createan extrapolationof the refractionraysin orderto create
cellsfor all facets. This is doneby simply taking the negative of the value underthe

squareroot andthennegatingtheresultof the squareroot function.

o m(D=N(D-N)) *NJ‘ (1 nd(l- (D-N)Q)) 32)

Ny n3

Theresultingray will have a positive dot productrelative to the normalof 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,
bothwheneye movementwould resultin avertex changingrom producingtotalinternal
reflectionand otherwise. As a result, both equationsappearto smoothly extrapolate
naturalrefraction.
It shouldbe notedthat, althoughEquation2.2 producesiormalizedresultswhenits

inputsarethemselesnormalizedthesamecannotbe saidof eitherEquations3.1or 3.2.

In bothcasestherefractionraysmustbe normalizedobeforethey arestored.
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3.1.2 Cédl Containment

Onceeachvertex ontherefractorhasanassociatedefractionray, onecanattemptto
usethe cellsdefinedby theseraysto testfor containmenbf anobjects truevertices.A
facetwhosecell containsa giventrue vertex is calledthe vertex's sightfacetsincethe
vertex would be visible throughthat facet. Upon determininga vertex’'s sight facet,a

virtual vertex canbe computed.This mustbe donefor eachtruevertex in thescene.

The currentalgorithm usesa nave approachto find the sight facetfor eachtrue
vertex. For eachfacetof the refractingsurface a plane containingthe true vertex is
found. Several methodsweretestedfor definingthe orientation(normal) of the plane
for this computation.Methodstestedincludeusingthe normalof the facet,the average
of the facets vertex normals,andthe averagerefractionray direction. All threemeth-
odsproducedsimilar error values,but thereare degeneratecaseswith both the normal
methodsvhentotalinternalreflectionoccurs.Usingtheextrapolatedefractionformulas
from Equations3.1and3.2this conditionmayproducecellscontainingspacebothabove
andbelow thesurfaceof a givenfacet.If thecurvatureof therefractoris small,thefacet
or averagenormalsmaybeunableto createa planethatsimultaneouslygontainghetrue
vertex andthatis intersectedy thefacets refractionraysasrequiredby the next stepof
the cell containmentest. As such,the averageof the facets refractionraysareusedin

this work to definethe orientationof the plane.

Oncethe planecontainingthetrue vertex is found, the refractionraysareintersected
with this plane. Theseintersectiongorm the threepointsof atrianglecorrespondingo
theintersectiorof the cell with the plane.By usingbarycentriacoordinatest is possible
to computewhetherthe true vertex is within the triangle formed by theseraysand, if
S0, its positionwithin thetriangle. If the true vertex is not insidethe triangle,that cell
doesnot containthis vertex andthe next cell is checled. This processs repeatedintil
a cell is found that containsthe true vertex or all cells have failed to do so, the latter

indicatingthatthe true vertex wasnotin the visible volumeandhenceno virtual vertex
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canbecreatedor it. If thetruevertex is foundto be containedy thecell, thebarycentric
coordinatesarere-appliedto the respectie verticesof the facetto determinethe point

on thefacetwherethe sightray would bendin orderto hit thetrue vertex. This pointis

calledthesightpoint of thetrue vertex.

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
the foreshorteningormulashown in Equation2.4. Anotherway to computethe virtual
vertex would be to usethe barycentriccoordinatego find the normalat the sight point
andthenintersectthe ray from the true vertex traveling in the direction of the normal
with aray from theeye traveling towardsthe sightpoint. However, usingthe scaledsight
ray generallyprovedeasier Theelementsnvolvedin performingacell containmentest
areshowvn in Figure3.1.

It shouldbe notedthata singletrue vertex canproducemultiple virtual vertices.This
is dueto thefactthat,for somecombination®f refractve indicesandshape®f refractor
cellsmay crossindicatingregionsthatcanbe seenthroughtwo or moreseparatdacets.
Theseregionsare calledzonesof corvergencein this work. Figure 3.2 demonstratesa
true vertex in a zoneof convergencethat produces30 virtual vertices.In thisimagethe
white dotsarethevirtual vertices thelight pink linesarethe sightraysfrom the viewer,
the magentdines shav the refractedrays, the purplelines representhe cells the true

vertex is containedn, andtheyellow objectis the surfaceof themembrane.

Zonesof convergenceposea major challengeto the researchalgorithmin thatit is
unclearhow onewould reconnecsetsof multiple virtual vertices,especiallygiventhat
two connectedrueverticesmayhavedifferentnumberof correspondingirtual vertices.
This problemwasnotedby Ofek andRappopor{26] whenmodelingconcae reflectors.
Their responsavasto ignorethe problemon the groundsthat the region would appear

chaoticto the viewer, and henceproviding a completelyaccuratesolution would not
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Figure3.1. Thecell containmentest.
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Figure3.2. Cell containmentn a zoneof corvergence.
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greatly enhancehe appearancef the scene. This researchdoeslik ewise and simply
treatsthe first virtual vertex found asthe “real” virtual vertex for a giventrue vertex. It

shouldalsobe notedthat, althoughtheremay be multiple sightfacetsfor a givenvirtual

vertex, therewill only be onesightpoint for eachfacet. Thisis dueto thefactthateach
facetwill only produceoneplanecoincidentwith thetrue vertex.

As mentionedoefore the cell containmentestsmustbe performedor eachvertex of
every pieceof geometrythatcouldbevisible throughtherefractorin thescene Oncethis
hasbeencompletedgevery true vertex thatcanbe seenthroughthe refractorwill have a
correspondingirtual vertex associatedavith it. It shouldbe notedthatif thecellsremain
unchange@nda particularpieceof geometryalsodoesnotmoverelativeto therefractor
it is not necessaryo recomputats virtual vertices.However, ary movementon the part
of the geometrynecessitatethat all its virtual verticesbe recalculated.Movementof
the eye relative to the refractingsurface changeghe cells and hencerequiresthat all
objectsin the scenehave their virtual verticesrecomputedegardlessof whetherthey

have moved.

3.1.3 Rendering

Onceall geometrythatcanpotentiallybe seenthroughthe refractve membranehas
completesetsof virtual vertices the scenecanberenderedRenderingof the sceneuses
a two-passmethodutilizing the stencil buffer available on mostgraphicscards. The
methodis the sameasis usually usedto renderreflectedobjectssuchasdescribedn
Diefenbachs work [10]. The stepsof therenderingaresummarizedelow:

1. Renderthe entiresceneexcepttherefractor Refractedobjectsshouldberendered
usingtheir true vertices.This allows refractedobjectsto extendbeyondor through
therefractve membrane.

2. Draw therefractor settingthe stencilbuffer whereit draws.

3. Clearbothcolor anddepthinformationwherethe stencilbuffer is set.
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4. Renderthe refractedobjectsusing the virtual verticeswhere the stencil is set.
Virtual verticeshave the sameconnectity astheir correspondingegularvertices.
In addition,ary texture coordinatesassociateavith a polygon’s true vertex would
bethe samefor theassociatedirtual vertex. This allows texturesto appeawarped

by therefraction.

3.2 Simulating the Fresnel Term

The researchalgorithm produceshighly accuratepositionsfor the virtual vertices.
However, several othereffectscontribute to the realismof a scenewith refractedgeom-
etry. Oneof thesesourcesof detail is the Fresneleffect. As describedn Section2.2,
the Fresnekermsimulateghe obsenationthatobjectsappeato have a higherdegreeof
reflectvity astheviewing anglewith thesurfacebecomesnoreacute.At thesametime,
objectsviewed throughthe surfacevia refractionappearto fadeslightly. This effectis
responsibléor muchof thevisualrichnessof scenesnvolving refractve objects.

It turns out to be relatively easyto simulatethe Fresnelterm using the research
algorithm. Whencreatinga refractors cells, in additionto computingthe direction of
therefractedays,theresultof the Schlickapproximatiorfrom Equation2.7is computed
andstored. After the entire scenehasbeenrenderedasdescribedn Section3.1.3,the
membrands renderedone moretime with alphablendingenabled. The alphaof each
vertex in the membranes setwith the Schlick value at that point, and the blending
functionis setsotherelative percentagesf theimagefragmentslisplayingtherefracted
geometryandblack areone minusthe Schlick term andthe Schlickterm, respectrely.
Doing this causeghe sceneto darken wherethe Fresneltermis greater andhencethe
membranes lessrefractve. An exampleof a simple polygon renderedwith Fresnel
effectsis showvn in Figure3.3.

The realismcanbe improved further by usingan ervironmentmapto simulatethe

reflectionof the membrane.In this casethe imagefragmentsdisplayingthe refracted
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Figure 3.3. Examplesof simulatingFresneleffects. The imagesshav the multi-pass
algorithmwithout Fresneleffects, with Fresneleffects, andthe samesceneray traced
with Fresnekffects,respectrely.

geometryand the ervironmentmap colors are combinedwith relatve percentagesf
one minusthe Schlick term andthe Schlick term, respectiely. Whenthis is donethe
reflectedimagebecomesnorevisible wherethe Fresneltermis greatey andhencethe
surfaceis morereflectve while the refractedgeometrybecomesnorevisible wherethe
Fresnektermis lower. Sincemostmoderngraphicscardsincludehardwareto accelerate

ernvironmentmapping,this effect canbe addedwith virtually noimpacton theresulting

framerate.

3.3 Simulating Imperfectly Transparent Media

Thusfar, the algorithmassumeshatthe refractve mediumis a perfectconductorof
light. This is not a very accuratemodel, sincemost mediacauselight to attenuateo
somedegree. It is relatively simpleto simulatethis attenuatioreffect aswell. Doing
sorequirestwo modifications:First,immediatelyafterclearingthe portionof thescreen
marked by the stencil, the refractormustbe dravn backin usingthe color thatwill be
usedto attenuatehe scene. Secondly whenrenderingthe virtual vertices,fog effects
shouldbe enabled. It is importantto rememberthat, when settingthe densityof the
fog, the foreshorteningormulain Equation2.4 describeghe ratio of apparento real

distancesSincevirtual verticesaremovedto take this apparentistancento account;t
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is importantto multiply thedensityfunctionby theinverseof this fractionto accountfor
the actualdistancethe light shouldtravel throughthe attenuatingnediumto reachthe
target.

It shouldbenotedthatthisis notastrictly accuratesffect. Technically theattenuation
dueto therefractorshouldbebasednanobjectsdistancéelonv themembranelnstead,
fog effects are usually calculatedbasedon a vertex's distancefrom the viewer. In
practice althoughthe attenuations notcompletelycorrectrelative to ray tracedversions
of the sameimage, the effect of objectsfading out asthey recedeinto the refractive
mediumbringsan addedelementof realismto the scene.Figure 3.4 demonstratethe

useof attenuation.

3.4 Results
The algorithmproducesa significantchangein the geometryof a scene.Figure3.5
shaws two views of an imageof a well containingdolphins. The imageon the left

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

Figure 3.4. Examplesof simulatingattenuation. The upperrow is createdusingthe
multipassmethod shaving depthsof 700, 400, and 100 units belov the tip of the
refractor The bottom row shows the samesceneand distancesput the sceneis ray
traced.An exponentialfalloff is used.




31

Figure3.5. A scenestrue (left) andvirtual (right) geometry

The virtual geometryis displayedby itself insteadof being meiged with the original
geometryasdescribedn Section3.1.3. Additionally, the virtual verticeswerecreated
usingan eye positiondirectly above the centerof the well, but the imagewas created
from a differentperspectie. Thesestepsweretakento emphasizehe movementof the
geometryin theimages.Back-faceculling wasenabledo allow theinterior of the well
to beseen.Themeshusedasthe membraneanbe seenin yellow atthetop of thewell.

Theimagesdemonstratéiow objectsare movedcloserto the surfaceof therefractor
by the foreshorteningeffect. Also notethatthe texture onthe wall andfloor of the well
is warpedby thealgorithm. Thisis aresultof thetexture coordinatesemainingconstant
while thegeometrigoositionsof the pointsarechangedThelip of thewell is notdravn
in thevirtual imagesinceit hasno virtual vertices.Sinceit wasknown thatthe top and
outersideof thelip would never beunderthe surfaceof thewater theresearclalgorithm
was never appliedto thesevertices. In a two-passrendering,the rim would be visible
sincethetrue geometrywould be unafected.

A secondview of thewell is providedin Figure3.6. In thisimagethe eye position
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Figure3.6. A scenaenderedvithout (left) andwith (right) theresearclalgorithm.

correspondso theimageview and,assuch,representsvhatthe viewer would actually
seeusingthe researchalgorithm. The imageon the left is renderedusingthe scenes
true geometrywhile the imageon the right usesthe researchalgorithm’s full two-pass
rendering. The imagewith the virtual geometryalso demonstrategresneleffects by
including meming the virtual geometrywith an environmentmapof the sky. As canbe
seentheimagegivesa strongimpressiorof refraction.

Althoughthewarpingof thegeometrycausedy theresearctalgorithmis apparenin
theseimages,t is someavhatdifficult to appreciatedhe effectin a still image. Whenthe
surfaceof the wateris animatedo producethe impressiornof low waves,the algorithm
doesgive theappearancthatthe geometrybelow the surfaceof thewateris shiftingdue
to the motion of the waves. Chapter4 attemptso demonstratehatthis is not merelya

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



CHAPTER 4

CORRECTNESSAND EFFICIENCY

The key advantageto the researchalgorithmis thatit is capableof providing simu-
lations of refractionthat, geometrically are extremely accurate. This sectionpresents
evidenceto supportthis assertion. Evaluatingthe correctnesf this algorithmis a
difficult task. To begin with, refractorshape,ndicesof refraction,the position of the
refractedobject,andthepositionof theviewerall influencetheaccurag of thesimulated
image. In addition, improving the resolutionof the refractorand the refractedobject
canimprove the appearancef sceneshut doing so decreasethe framerate. Finally,
it mustbe rememberedhat objectscanbe anywherein the infinite volume belov the
refractingsurface,andhenceit is impossibleto provide a completemeasuref the error
for all possibleobjectpositions. This analysiswill attemptto demonstratéhe accurag
of the algorithm by looking at a samplingof shapesjndices, and user positionsand
examiningthe errorwithin afew hundredunits of the refractorin anattemptto discern
generakrendsin errorbehaior. This analysiswill alsoexaminethe generalappearance
of the scenegproducedpothrelative to aray tracedversionof the sceneandin termsof
generalappearancef objects. Finally, this sectionwill demonstratéhatthe algorithm

canproducethis accurayg ataninteractve framerate.

4.1 Correctness Measures
Beforethe actualanalysisof the algorithm’s accurag it is necessaryo spendsome
time discussinghow this accurag is measured.Two methodswill be usedto measure

accurag of thealgorithm.
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The first methodis simply a comparisorbetweenthe sceneproducedby the algo-
rithm andthe samesceneand view renderedusing a simpleray tracer As described
in Section2.1.1, ray tracersproducesceneswith a high degree of physicalaccurag
dueto thefactthateachsightray’s interactionwith the scenes individually calculated.
The ray tracerusedfor comparisonin this programis a highly simplified version of
the algorithmwith no lighting or shadaving usedin the computation.As the research
algorithmalsolacks theseelementsthe imagesproducedby the two methodscan be
comparedolelyonthebasisof theapparenpositionof thegeometry Theraytraceruses
animplicit representationf the refractorwhich is whatthe researctalgorithmattempts
to simulate. The normalsandshapeof therefractor at leastwherespecifiedoy vertices
in the researchalgorithm, are the sameregardlessof the renderingmethod. As such,
the ray tracerprovides a good example of what the researchalgorithm is attempting
to produce. To make comparisondetweenimagesslightly easier a grid is overlaid
on the scenegroducedby both renderers.The grids have beenalignedas closely as
possiblegiventhe differencesn the way the scenesredisplayedon the screenand,in
generalthedifferencedetweerthegridsarenegligible. Figure4.1shavs anexampleof
ascenaenderedisingboththeresearctalgorithmandtheray tracerwith grid overlays.
Fresneleffectshave beenturnedoff in theseimagesto simplify comparison.Lik ewise,
therefractoris coloredto provide somecontext for theimage,but objectattenuatiorhas
beendisabled. In short, the only point of comparisonbetweenthe two imagesis the
positionsof the pixelsonthescreen.

The secondmethodprovidesa combinationof quantitatve andqualitatve measures.
In this method,a box is formed aroundsomevolume of space. This volume s then
regularly sampledand eachsamplepoint, henceforthcalledthe original vertex, is then
passedhroughthe researchalgorithmto producea correspondingirtual vertex. This

virtual vertex is thenusedin a computatiorto determinewvherethatvirtual vertex’s true
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Figure4.1. A scenaenderedy boththeresearctalgorithm(left) andray tracer(right)..

vertex shouldbe, henceforthcalledthe computedvertex. The latter calculationcanbe
madewith completeaccurag sinceit is simply a matterof intersectingheray from the
eye to the virtual vertex with the surfaceof the refractor computingthe refractionray
at that intersection,andthen scalingthe refractionray by the foreshorteningequation
to producethe correspondingcomputedvertex. The intersectionwith the refractoris
computedusing an implicit representatiotik e that usedby the ray tracer The result
is that this secondcalculationwould have accurag equivalentto a ray tracer Once
the secondcalculationhas beencompleted,the distancebetweenthe original vertex
andthe computedvertex is computedand usedto color a cubeat the position of the
original vertex. The coloringcodeis greenfor a distanceof lessthanoneunit, blue for
a distanceof lessthan 10 units but greaterthanone,redfor a distanceof lessthan100
units but greaterthan 10, andwhite for greaterthanor equalto 100 units. Blocks that
arenot coloredwhite areshadedvith darker colorscorrespondingo lower errorwithin
aparticularcolor's scale.A cuttingplaneallowstheinterior structureof anerrorvolume

to be seen. Figures4.2 and4.3 show threeviews of an errorvolume. The volumeis
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a 400x400x40@cubewith thetop flushwith the top of the refractor which is shown in

yellow. Unlessnotedotherwise yolumesof this sizewill beusedthroughouthis section.
Sincethesevolumeswould beuninterestingf they alwaysusedtheviewer'seyeto create
thecells,anemitter shavn by thelight bluestar, is usedasa proxy for wheretheviewer

is assumedo be observing.Theorangdinesmarkthe boundsof theerrorvolume.

It is importantto notethat no pointsare dravn whereeitherthe researchalgorithm
or the perfectcomputedvertex computationcould not returna value. This could occur
if the original vertex wasoutsidethe visible volumeor animpossiblevirtual vertex was
created. The latter can happenwhen virtual verticesare createdusing cells bounded
by extrapolatedrefractionrays whererefractionotherwisecould not occur Thisis a
reasonablexclusionfrom our calculationssinceverticesformed by extrapolatedcells
arepresenprimarily to allow refractedpolygonsto be rendereccompletelyasopposed

to beingcompletelyaccuraten their own right.

At the sametime, for someshape®f refractortherearezonesof corvergencewhere
a singletrue vertex can producemultiple virtual vertices. In thesezones,the research
algorithm simply usesthe first virtual vertex it finds. Sincetheseregions are already
known to be incorrect,thesetoo are not dravn in the error volume. Again, thisis a
reasonablexclusionsincetheseregionsareknowvn weaknessem the algorithmandno
attemptis madeto ensureaccuray at theselocations. The analysispresentedisingthe
errorvolumeswill insteadfocuson thoseareasvherethe algorithmis attemptingto be

precise.

In additionalto visualizingtheerrorvolume,theaverageerrorandstandardieviation
for all the computedpoints of the volume can be computed. In Figures4.2 and 4.3,
the averageerror was8.8704with a standarddeviation of 9.7171over a total of 48346
samplepoints. As with the volumeitself, this calculationignorespointsfor which either
the researchalgorithm or the computedvertex computationcannotproduceresultsas

well aspointswithin zonesof corvergence It is difficult to sayhow thesevaluegranslate
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Figure4.2. An error volumeviewed from the side. The imageis shovn without (top)
andwith (bottom)a clipping plane.



Figure4.3. An errorvolumeviewedfrom below
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to theaccuray of thesceneasit appearso theviewer, sinceapoint20 unitsoff but deep
within therefractingmaterialmay appearto be moreaccuratehana pointtwo units off
but closeto therefractors surface.However, it doesprovide a quantitatve value,which

canbeusedto comparevariouscombinationof parameters.

4.2 Object Position

Thepositionof anobjectrelative to therefractorplaysamajorrole in theaccurag of
thevirtual verticegoroduced As couldbeseenn Figures4.2and4.3,certainareaswithin
a givenvolumegive rise to betteraccurag thanothers. Althoughthe behaior in these
imagedookssomavhatchaotic,thereareactuallysometrendsin the errorbehaior.

Thefirst of thesetrendsis thattrue verticesthatarecloseto a cell’'s boundingrefrac-
tion rayswill producea moreaccuratevirtual vertex thanatrue vertex thatis within the
samecell but furtheraway from the cell’s boundingrays. Intuitively this makessenseas
theseraysrepresentompletelycorrectrefractionbehaior for thesurface.As aresult,if
atruevertex wereactuallyonaray, its accurag would beequialentto thatproducedy
araytracer Ontheotherhand,whenavirtual vertex is not on a boundingray, the sight
point is computedby linear interpolation. Sincerefractionis an inherentlynonlinear
operationthis introduceserrorsinto theresult. The furtheratrue vertex is from the cell
boundsthe moretheerroris introducedby thelinearinterpolation.

Thisbehaior canbeseenn theimagesof Figures4.2and4.3, particularlythe views
usingthe cutting planeandthe bottomview wherethe internal structureof the volume
canbeseen.Likewise Figure4.4 showns the bottomslicesof the error volumefor a flat
refractorwith theemitter150unitsaboveit. In Figures4.3and4.4,thin circlesof higher
accuray separateegionsof lower accurag. Theserings areartifactsof the facetingof
therefractorwheretheverticesarealsoorganizedn rings. Thus,eachring of verticesin
therefractorproduces setof refractionraysthatform a coneshapedhell. Wherethese

rayspassthroughthe volume,they produceregionsof higheraccurag, while the space
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Figure4.4. Reggionsof accurag in anerrorvolume.

betweertheseshellshasloweraccurag. The samephenomenois visible in the cutting
planeimageof Figure4.2 excepttheconesareviewedfrom theside. Thelinesof higher
accurag seenn theimagearewherethe shellspassthroughthe volume.

As a corollary of this obsenation, verticesthat arefurther from the refractorwithin
thevisible volumewill likely, but not necessarilyproducelessaccuratevirtual vertices.
Thisis simply dueto thefactthat,asonerecedegsurtherbelon themembraneindividual
cellswill usuallybecoméarger. The largeran areaboundedby a cell, the morelinear
interpolationerrorsare introduced. Fortunately as an objecttravels further from the
refractorsurface,it mustalsobe traveling further from the viewer’s eye, which usually
will resultin the objecttakingup a smallerscreerspaceareaafter perspectie hasbeen
appliedandthusreducingthe visibility of error.

It shouldbenotedthatcellsdo notalwaysgrow wider, atleastinitially, asonerecedes
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below therefractorsurface.Lik ewise,virtual objectsdo notalwaysappeasmallerasthe
correspondingrue object moves further belov the membrane. The exceptionsoccur
whenthe membrandiasa cornverging effect ontherays,causingthemto focusalongan
axis. However, thiswill inevitably producea zoneof corvergence which the algorithm
doesnot attemptto simulaterealistically As such,thesecaseswill not be discussed
exceptin Section5.1.3underfuturework.

A secondalbeitcloselyrelated,sourceof error concernshow sharplythe sightrays
changedirectionthrougha givencell. In the error volumesshavn in Figures4.2, 4.3,
and4.4,it is noticeableghatthe largera shell’s radiusis comparedvith the othershells,
thelargertheerroris andthefasterthe onsetof this errorbecomesin the outershellsof
Figure4.2,the shellsdo not evenappeaiin green,sincethe errorfor thesepoints,none
of which areactuallyon a cell bound,hasalreadyexceededneunit. As the changen
sightraysbecomesdarger, thelinearapproximatiorusedin thealgorithmbecomes less
accuratesstimationof how refractionis occurring. As aresult,errorsgrov muchmore
rapidly in thesecases.

Althoughtheerrorsin Figures4.2,4.3,and4.4 appeato gronv asonemovesfrom the
centerof the volumetowardsa side, it shouldbe notedthatthis is simply an artifact of
thefactthattheemitteris directly above thecenterof therefractor Figure4.5 shovstwo
views of anerrorvolumewith aslightly curvedrefractorandthe emitteroffset400units
from therefractorcenter A cutting planeis usedin bothimagesto revealthe volume’s
internalstructure. The boundsof the error volume have beenoffset slightly sothatthe
volumeis no longercenteredunderthe refractor This is donesothatthe errorvolume
will containa larger segmentof the visible volume. As before,the shellsof higher
accurag arevisible. In the lower part of the view from above the refractorit is even
possibleto seewhereindividual refractionrayspassthroughthe volume. The presence

of theseraysis indicatedby spotsof greenin anotherwiseblue area. The brighterblue



Figure4.5. Reggionsof accurag in anerrorvolumewith anoffsetemitter
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blobs betweenthesepoints shav how the error increasessthe algorithmis forcedto

interpolatebetweertheserays.

4.3 EyePosition

The eye position, and hencethe viewing angle, plays anothersignificantrole in
determiningthe accurayg of the sceneviewedthroughtherefractor Table4.1 provides
resultsfrom errorvolumesfor multiple viewpointsover aflat refractor The refractoris
circularwith 125verticesforming 484facets.Therefractorhasaradiusof 142 unitsand
is facetedasshown in Figure4.6.

Sincethe refractoris circular, only raw displacemenfrom the centralaxis of the
refractoris measuredIn fact,the errorvaluedoesvary slightly basedn the directionof
displacemendueto facetingdifferences However, thesedifferencesarenegligible and
do notaffectthe overalltrendspresentedhn thetable.

Note that, asthe viewer moves further above the refractor the error valuesare re-
duced,while closerproximity producegyreatererrors. This is a somavhatunfortunate

occurrencesince, whenthe eye is further from the surface of the refractor a unit in

Table4.1. Error valuesfor multiple eye positionsviewing aflat refractor

Height | Displacement | Mean Error | Std Deviation | Data Points
900units Ounits| 0.0154units| 0.0085units 6988
142units| 0.0262units| 0.0186units 8046

400units | 0.0529units| 0.0308units 7712

800units| 0.0523units| 0.0290units 6244

450units Ounits| 0.0928units| 0.0319units 11348
142 units | 0.1364units 0.0963units 12144

400units | 0.1626units| 0.0972units 8620

800units| 0.0670units| 0.0363units 4880

150units Ounits| 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

perspectie occupiesasmallerportionof thescreen However, evenin theworstsituation
(viewer height of 150 units and locateddirectly over the center)the visible error is
negligible, asshowvn in Figure4.7. In theseimagesthe objectwasplacedat the bottom
of the spaceenclosedy the errorvolumeatthefar sideto maximizeerrorasexplained
in Section4.2. Thefactthatmoving the eye furtherfrom the refractorimprovesoverall
accurag shouldnot be a surprisesince, as the eye moves away the sight raysto the
refractorspanasmalleroverallangle.As aresult theserayshave acloserinitial direction
relative to eachother which, in turn, resultsin a smallerchangen the directionof the
individual sight rays. As describedn Section4.2, the smallerthe relatve changein
thedirectionof the sightrays,the lesserroris introducedby thelinearfunction usedto
computethe sightpoint.

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

the centerof the refractor the accurag decrease$o a point, but thenimprovesagain.
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Figure4.7. Worstcasescenausingtheresearclalgorithm(left) andray tracer(right).

Althoughtheinitial increaséen errorcanbe easilyexplainedasthe resultof anincrease
in thechangean directionof thesightrays,theeventualincreasen accurag is someavhat
counterintuitive. In fact, this behaior actually hasa relatively simple explanationif
onelooks atthe numberof samplegroduced.Thereductionin the numberof samples
indicateghatthevisible volumeis shrinkingwithin the measuredolume,andhencethe
refractionraysaretraveling closertogether Sincetheraysareclosertogetherin general,
pointsin the error volume end up closerto the cell boundaries.As was explainedin
Sectiord.2,theproximity of avertex to arefractionray hasadirecteffectonits accurag.
This conclusionis supportedy obsenationsboth of the spreadof therefractionraysin

asceneandobsenationsof the actualerrorvolume.

4.4 Shape of the Refractor

The shapeof therefractoris probablythe singlegreatestactorin the degreeof error
presentin a scene. Refractorshapeinfluenceshow the cells cover the visible space,
as well asthe size and shapeof this spaceitself. Refractorsrangefrom diverging,
wheresightraysarebentoutward covering a wider field of view, to corverging, where
sightraysarebentinward often crossingeachotheralong someaxis, with a greatdeal
of variancein between. A membranecould also be a compositeof thesetypes, with
someportionsexhibiting corverging behaior andothersexhibiting diverging behaior.

Figure4.8 showns examplesof corverging anddiverging membranes.The white lines



Figure4.8. Corverging (top) anddiverging (bottom)membranes.
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representhe original sight rays, andthe greenlines representhe refractedsight rays.
Therefractoris shavn in yellow.

The wide rangeof refractor shapesand associatecehaiors make it difficult to
generalizeaboutthe effect refractorshapehason accurag. However, thereare some
generakrendsthis sectionwill attemptto cover. It shouldalsobe notedthattheindex of
refractioncanplay arole alongthesdinesaswell. Specifically modifyingindicesof re-
fractioncanchangeagivenmembrandrom beingadivergingmembraneo a corverging
oneorviceversa Thissectionwill useaconstansetof indicesof refraction,specifically
1.0 in the eye region and 1.51 below the refractor The behaiors associatedvith a
givenrefractorbehaior hold regardlessf theindicesof refractionusedto producethis

behaior, with minor caveats whichwill bediscussedn Section4.5.

4.4.1 Diverging Refractors

In general the more a given membranediverges,the greaterthe error producedby
that membrane.As we saw in Section4.2, the two primary factorsthat contribute to
inaccurag arelarge cells andlarge changesn the sight ray directions. Both of these
occurin diverging membranesinceraysbendoutward, creatinglarger cellsaswell as
greaterchangesn direction. Both factorspeakin the outercells of the visible volume
wherethelargesterroris obsenred.

Whenthe index of refractionbelon the membraneas greaterthanthe index of re-
fraction surroundingthe eye, diverging membranegyenerallyhave a planaror concae
shapeowardsthe viewer. In fact, the positionof the viewer’s eye influenceghis, anda
membraneavill becomemoredivergingtheclosertheeyeis to thesurface. Thisbehaior
was demonstratedn Section4.3 whereit was showvn that bringing the eye closerto
the refractorincreasedelative error  This section,however, will focuson diverging

propertiecausedy the shapeof therefractor
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Table 4.2 shaws error valuesfor a rangeof membraneshapes.The membranesre
formed by conformingthe areaof the membranego the surfaceof a sphereof a given
radius. As the membranéhasa planarradiusof 142 units,whena sphereof radius142
is used themembrandormsa perfecthnemisphereA planarmembranevould represent
a spherewith an infinite radius. The larger the radiusof the sphere,the smallerthe
curvatureof the refractorandthe lessthe raysdiverge. In all casesthe eye is directly
above the centerof therefractorat a distanceof 450 units.

The resultsin Table 4.2 demonstratéhe reductionin accurag asthe refractorbe-
comesmoredivergent. At the sametime, the numberof datapointsfrom eachof the
trials shavs theincreasan the areavisible throughtherefractor This is consistentvith
our obsenationsregardingthe errorinherentin larger cells andlarger changeof sight

direction.

4.4.2 Converging Refractors

Corverging refractorspresenta major challengeto the researchalgorithm because
they producezonesof corvergence.As thereis no clearmethodto correctlyreconnect
the multiple virtual verticesin suchregions,the algorithmsimply takesthefirst virtual
vertex it finds. As this maybe oneof dozenf potentialvirtual verticesproducedthere

is a goodchancethat, whenreconnectedvith othervirtual vertices,the resultswill not

Table4.2. Error valuesfor diverging membranes.

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

142 units(hemisphere) 7.5567units| 9.2816units 56890
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be correct. This situationrepresents significantweaknes®f theresearchalgorithmin
its currentform andis discussedurtherunderfuturework in Section5.1.3.

To make mattersworse,suchzonesof corvergenceareusuallylocatedin the general
directionof theuserssightraystowardtherefractor As aresult,thezoneof corvergence
andall the inaccuraciesnherentin it tendto bein the apparentcenterof the refractor
It is virtually impossibleto provide a quantitatve estimateof the level of errorin such
scenessinceerror calculationsignore verticesin this zoneof corvergence,which may
cover a large part of the scene.Including suchverticesin error calculationswould be
pointlesssinceeveryvirtual vertex createdmightbe perfectlyaccuratebut simply bethe
wrongvirtual vertex to connecto its neighbor

Giventhis, corveming refractorsare not adequatehhandledby this algorithm. It is
still possibleto produceaccurateémagesusing a corverging refractorby keepingthe
refractedobjectsoutsidethe zoneof corvergence.This canbeaccomplishedby keeping
objectsto the far edgesof the visible area,or so closeor sofar from the refractorthat
they arenotin thezoneof corvergence Cellsmaynotendup crossingor somedistance
below the surfaceof the refractorandwill inevitably ceaseto crossat someadditional
distancebelaw this. As such,zonesof corvergencecover only afinite partof thevisible
volume. The actualsizeandshapeof the zoneof corvergencedependsiponthe shape
of therefractoraswell asthe viewerlocationandindicesof refraction.If ascenecanbe
constrainedo keepgeometryoutsidethe zoneof corvergence the algorithmwill have
no difficulty renderingthat scene.lt is only whenthe refractedobjectsentera zoneof

convergencethatartifactswill occur

45 Index of Refraction
Theindicesof refraction,specificallythe ratio of the interior andexterior indicesof
refraction,alsoplay arole in the accurag of the researchalgorithm. Table4.3 showvs

someresultsfrom anerrorvolumeproducedoy a rangeof indices. Theinteriorindex is



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
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theindex of refractionwithin therefractve medium,andthe exterior index is theindex
of refractionof the mediumsurroundinghe eye. Recallthatit is the ratio of thesetwo
valuesthat determinesboth the direction of refractionrays andforeshortening.Thus,
thesevaluesareindicative of theerrorfor arny scalarof thetwo indices.For example the
errorvaluesfor interior andexterior indicesof 1.0 and1.1would be equallycorrectfor
indicesof 1.2and1.32,respectiely.

To understandheseresultst is helpfulto understandomepropertieof theindicesof
refraction. As the interior index increaseselative to the outerindex, the refractedsight
rayis “pulled” in thedirectionof thenormalatthe pointit entergherefractve material.
Likewise,astheexteriorindex increaseselative to theinterior index, refractionraysare
“pushedaway” from the normalsin the directionof their original rays. Recallalsothat,
for a surfacewith constantcurvature,the normaldirectionsof any point on afacetcan,

to alarge extent,be approximatedy linearly interpolatingthe normalsof the bounding
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vertices.As therefractionraysbecomecloserto following thenormalsJinearoperations
becomebetterapproximationdor refractionaswell. As aresult,the algorithm’s linear
interpolationaddslesserrorto thevirtual vertex calculationsn suchsituations.

In the planarcase,asthe exterior index increasesthe refractedrays more closely
follow the planes normalandhencemorecloselyalign in a singledirection. Theresult
is a smallervisible volume,asevidencedby the reductionin the numberof datapoints,
andhencesmallercellsandlesslinearapproximation As theexteriorindex increaseghe
oppositeoccursandthe cellsgrow larger, resultingin greaterapproximatiorerror. This
combineswith the changesn the erroraddedby the linear approximatiorto producea
slight, but definitedecreasen theerrormeasureastheinteriorindex isincreasedelative
to the exteriorindex.

In the hemisphereasethe oppositeoccurs. As the exterior index increasesherays
more closely align with the normals, but this causeshe membraneto becomemore
divergent.As aresult,themembrandasalargervisible volumeasseerby theincreasen
thenumberof datapointsastheinteriorindex increasesindthe exteriorindex decreases.
However, with the exceptionof the two trials using indicesof 2.2, the error actually
increasessthe visible volumegetssmaller counterto our intuition. Thisis causedy
the increasan the linear approximationerrorsasthe exterior index increasesver the
interior index. Thesetwo factorsarein contentionin this situation,but sincethe shape
of the refractoralreadyis inclined towardsa diverging behaior, the cells appearto be
largeenoughinitially thattheerrorsproducedy thelinearapproximation®utweighthe
beneficialinfluencedrom thereductionin cell sizein mostcases.

It shouldbe notedthat, althoughthe indicesof refractiontendto have a fairly slight
influence,in somecaseghey cancauseproblems. Table 4.4 givesan exampleof one
suchcase.Thistrial wastakenusingthesamehemisphericatefractorusedin thesecond

seriesof trials of Table4.3, but with the emitterraisedto 450unitsabove therefractor



Table4.4. Indicesof refractionproducinga corverging membrane.
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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

Theerrorvalueswhentheinteriorindex exceedshe exteriorindex areactuallyquite
well behaed. Theerrorvalueswhentheexteriorindex exceedgheinteriorindex appear
muchmoreirregular. The problemis that, betweenthe exterior indicesof 1.1 and1.4,
the membranechangedrom being a diverging membrando a corverging membrane.
Sincethis meanghatareasof thevisible volumecannow be seenthroughmultiple cells,
a numberof datapointsare discardeddueto their producingmultiple virtual vertices.
This is particularly noticeablewhen the exterior index of 1.4 is only ableto find 376
valid samplepoints. Moreover, someof the verticesbegin undegoing total internal
reflection forcing thealgorithmto useextrapolatedefractionraysascell bounds.Since
this extrapolationis not technicallyaccuratethe perfecttrue vertex calculationusedto
producethe error volume endsup disagreeingwith the algorithm’s results. Between
thesefactors the errorvaluesincreasedirastically However, ascorverging membranes
arealreadyknown to be a weaknes®f theresearchalgorithm,this doesnot represena

new problembut insteada nev manneiin which to encounteanold one.

4.6 Resolution of the Refractor
As notedin Section4.2, larger cells produceless accuratepositioning of virtual

vertices. For this reasonit shouldbe of little surprisethatincreasingthe resolutionof
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therefractorandgiving it moreverticesandfacetscanimprove theaccurag of ascene.
The increasedesolutionboth increaseshe numberof cells andreducesheir average
size. Table4.5 provides comparatre valuesfor refractorswith differentfaceting. For

thesetests,a squarerefractorwas usedwith verticesequally spacedin their x and z

coordinates. Bendingthe membraneaddsan offset in the y direction and gives each
facetdifferentdimensionsVerticesaretriangular soamembraneavith 10facetgerside
would have 200facetswith two facetgpersquare Examplesareshovn with therefractor
dividedinto a6x6 grid with 49 verticesand72 facetsa 10x10grid with 121 verticesand
200facetsanda 15x15grid with 256 verticesand450facets.

It shouldbe notedthat, sincesightpointsarecalculatedusinga linearapproximation
within acell, avirtual vertex's movementswithin acell will beroughlylinearuntil acell
boundaryis crossedatwhich pointit will changedirections.Althoughthis artifactis not
particularly noticeablein 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 spreadover multiple cellsasthe differentdirectionsof the virtual

verticesproducesheappearancef smoothmovement.However, if the objectis 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

Hemisphereg  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 refractorimprovesthe
situationby reducingthe effective width of cells at a givendepth,but it doesnot solve
the problemsincethe cellswill eventuallyreachthe samewidth at somegreaterdepth.
The userof this algorithmcanmitigatethis by determininga boundfor the distancean

objectis from therefractorandusingthis to tunetherefractorresolution.

4.7 Resolution of the Refracted Object

Theresolutionof therefractedobjectalsoaffectstheaccurayg of therenderedmage.
Unlike all previous measureshowever, this effect hasnothingto do with the accurag
of individual virtual vertices. Theissuewith objectresolutionis bornfrom the factthat
scanline renderingwill drav a straightline betweeneachvirtual vertex. As we have
notedseveral times previously, linear methodsare poor approximationdor refraction.
As such, especiallyalong the outer edgeof a refractedpolygon, the linear segments
betweervirtual verticesmay be visibly differentfrom the behaior of actualrefraction.
The solutionto this problemis to placeadditionalverticesalongthe sidesof arefracted
polygonto reducethelengthof thelinearsegments.If thesesegmentsaresmallenough,
the differencedetweerthe algorithmandreal refraction,asperformedby a ray tracer
canbemadenggligible.

Figure4.9 shaws severalimagesof a triangularpolygonrenderedvith differentres-
olutions. As canbe seenthe useof additionalverticesimprovesthe appearancef the
imagesignificantly The imagewith eight verticesper side is almostthe sameshape
astheimageproducedby the ray traceralthoughthe cornersof the triangle,wherethe
cunvatureis greatestcontinueto be noticeablylinear.

It shouldbe notedthatimproving theresolutionof a refractedobjectonly helpsif the
additionaltrue verticesarein differentcells. If threetrue verticesarelinearandin the

samecell, the virtual verticeswill alsobelinear As such,addingmoreverticeswould
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Figure 4.9. Objectswith 2, 3, 5, and 8 verticesper side and a ray tracedimage,
respectrely.

offer no benefit. In the imagesproducedby the researchalgorithmin Figure 4.9, the
appearancef the endsremainedinear, even whenthe resolutionwasincreasedo 22
verticesperside. However, whenthe resolutionof the refractorwasincreasedrom 484
to 3279facetsthelinearity at the cornerswasremoved usingonly eightvirtual vertices

persideasshown in Figure4.10.

4.8 FrameRate
While the previous sectionssupportthe claim that the algorithm produceshigh de-
greesof accurag in mostsituations,the other advantageof the researchalgorithmis
the ability to producetheseresultsat a high frame rate. This sectionshows that the
researchalgorithm can, in fact, perform at interactve frame ratesfor simple scenes.
In orderto demonstratehis, a timer wasaddedto the program. After every thousand
framesrenderedthe total time taken was corvertedinto the averagenumberof frames

persecondfps). Althoughtheframerateneededo “look real” is still debatedaprogram
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Figure4.10.Objectwith 8 verticespersideand3279refractorfacets.

cangenerallyassumedo be interactve, albeit sluggish,at 15 fps, while acceleration
above 72 fps is effectively undetectabl¢24]. The programusedin thesetestswas not
optimizedandtheresultsareintendedo indicatetrendsin performanceivenchangeso
variousparametersatherthanthe optimal possibleperformanceof the algorithm. The
testswererun on 1.7GHzPentium4 processowith 512 MB of RAM. The imagewas
renderedvith aresolutionof 512x512pixels.

The primary factorsthat influencethe frame rate are the resolutionof the refracted
geometryandtheresolutionof therefractingmembranealthoughthesearenot the only
factorsthatdo so. For example,it wasfoundthatthe frameratechangedslightly when
somerefractorswere viewed at differentangles. Theseincreasesarelikely dueto cell
containmentbeing accomplishedat an earlier point and henceending the processof
searchinghroughtheremainingfacets.However, theseotherfactorstendto accountfor
arelatively minor fluctuationin framerate. As such,we will concentraten objectand
refractorresolutionasthe majorfactors.

Recallthattheresearchalgorithmhasthreedistinctsteps:cell creation,cell contain-
menttests,and the actualrendering. Moreover, somestepscan be skippedif certain
changedo the scenehave not occurred. Specifically cell creationcan be skippedif

the users 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
moved relative to the refractor Thesetestswill investigateall threetypesof scenarios

this presents.

Thefirst seriesof trialswereperformedo examinetheframerateif all threerendering
stepsnustbeperformed.To thatend,thetestprogramwasmodifiedto forcecell creation
aswell asthe cell containmenteststo be redoneon every frame. Table 4.6 shaws the
resultsof severaltrials with variousparameters.Theseresultsindicatethat the object
resolutiondominatesthe calculationsin virtually all cases. It also demonstrateshat,
althoughframeratesdo vary slightly dependingntheshapeof therefractingmembrane,
the overall trendsremainthe samefor all shapes.In fact, this wasfoundto be truein
generaland, as such,future tablesdescribingframeratewill only containdatafor flat

refractors.

The secondseriesof trials considerthe casewherethe cell creationstepis no longer
performedandtheframerateonly measureghecell containmentestandrenderingsteps.
Table4.7 givestheresultsof thesetrials. Timing resultsaregivenfor two positionsof
the refractedobject: centeredbelow the refractorand at the far side of the refractor
This is donesincethe cell containmentestsare stoppedas soonasa virtual vertex is
found. Sincethecentralfacetsaretestedirstin this particularimplementationtheframe
rateis significantlyimprovedwhenthe objectcanbe viewedthroughthe centralfacets.
Moreover, thenumberof facetsn therefractorhasa muchlargereffectontheframerate
whentherefractedobjectis offset. This reflectsthe larger numberof cellsthat mustbe

testedbeforesuccessfutontainments discovered.

In thefinal trial neithercell creationnor cell containmentestsoccurs,andonly the
renderingstepof the algorithmis measured.This trial sayslittle aboutthe algorithm
itself sincetherenderingpasss afairly standardwo-pasanethod.However, thistrial is
usefulasa comparisorto indicatehow muchtime in the previoustrials wasduesolely

to therenderingstep.Table4.8 showns theresultsof thistrial.



Table4.6. Frameratefor the completealgorithm.

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 containmenareskipped.

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 the above tablesprovide a generaindicationabout
how objectand refractorresolutionaffect the frame rate, the valuesproducedare not
preciseenoughto determinethe full influenceof eachof the algorithm’s three parts
on its performance.To answerthis question,the programwasrun on an SGI Indigo2
and profiled using SGI’s timing hardware. In all cases,a planarrefractorand 1820
objectverticeswereused. The testswererun with the programmaodifiedto force cell
creationandcell containmentestingin every frame. The valuesin parenthesem the
cell containmentestcolumnindicatethe time spentperformingthe calculationsusedto
determindf asingletruevertex is within a singlecell, while therestof thetime is spent
iteratingthroughall the cells andvertices,settingup for thesetests,andcomputingthe
virtual verticesif the true vertex is within the cell. Theresultsof thesetrials areshown
in Table4.9.

In every trial run, the function that determinedf a given true vertex waswithin a
given cell requiredmoretime thanary otherfunction. Likewise, the cell containment
stepdominateghe time spentby the program. Cell creationis, comparatrely, a trivial

step.

Table4.9. Percentagef 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%)




CHAPTERS

CONCLUSIONS

Thisresearchhasdemonstratethatthe useof geometridransformationsanproduce
fastand accuratesimulationsof refractionin a wide rangeof cases. This sectionwill
outline additionalareasof investigationthat would enhancehe resultsof the research
algorithmandconcludewith a discussiorof how the researctalgorithmcanbe applied

in its currentstate.

5.1 FutureWork
Theresearclalgorithmpresentanearly stepin bringingrefractve scenesnto com-
monusein scanline renderersAlthoughit providesresultsthataregeometricallyery
accurate there are mary other aspectsof the refraction problemthis work doesnot
address. This sectiondiscusseseveral areaswherethe researchalgorithm could be

enhanced.

5.1.1 Lighting

Currently all theimagesin this researctuseflat ambientlighting. As thisis hardlya
realisticsituationit would bebetterto allow morenaturallighting, suchasdiffuseeffects,
to be integratedinto the algorithm. Therearetwo possiblesituationsfor lighting in the
scenedliscussedn this research:ithe light could be in the refractve mediumwith the
objector outsidetherefractve mediumwith theusers eye. Neithersituationlendsitself
to asimplerenderingsolution.

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 simply usinga standardighting equation.

If the light is on the sameside of the refractve membraneasthe viewer, the rays
emanatingrom thelight sourcewould bebentby themembranén thesameway thatthe
users sightraysare. As such,the light would strike a surfaceat a differentanglefrom
that surfaces apparentorientation. Onceagain,useof the standardighting equation
would produceresultsthatwerenotaccurate.

It may be possibleto perform an additionalset of transformationon the normals
of therefractedobjectsto allow themto usestandardighting equations.For example,
if thelight sourcewereoutsidethe refractve material,it might be possibleto performa
secondsetof lookupsin additionto thelookupsusedto determineghe positionsof virtual
verticesin orderto transforman object’s normals.Undersuchcasesinitial raysusedin
cell creationwould originateat the light sourceinsteadof the viewer’s eye. Shouldthis
prove effective, it couldbeof greatusein generarenderingalgorithmsasit maybeable

to simulatecausticeffectsaswell asnormallighting.

512 Lenses

The researchalgorithm can only handlerefractionthroughmembranesvherethere
is only a single changein the direction of the sight rays. Unfortunately a large class
of refractve objectsfunction aslenseswherethe sight rays shouldboth enterand exit
the object before reachingtheir taget. This algorithm doesnot handlesuch cases,
representing limitation in its applicability.

Technicallythemethodoutlinedin thisresearclis alsoapplicableo lensesHowever,
in orderto createthe cellsfor the backsideof thelens,therefractedraysfrom thefront
of the lensmustbe intersectedvith the backfaceof the lens. If this canbe done,the
resultingcellscanbeusedby thealgorithmto to determinghevirtual verticesof thelens

with a high degreeof accurag. The challenge however, is the intersectionof the rays
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for eachvertex onthefront facewith the backface- a problemthat,in theextremecase,
causeshealgorithmto effectively becomearaytracer It is possiblethattheintersection
of theserayswith the backfacewill not significantly slow down the algorithmand, if

thisis so,this extensionmayprovide aviablesolutionto thelensproblem.However, this

remaingthe subjectof futureinvestigation.

5.1.3 Zonesof Convergence

Zonesof corvergenceareanotherchallengeo the generaluseof this algorithm.Cur
rently, thealgorithmsimply takesthefirst virtual vertex found andignoresary possible
alternatves. Ofek andRappopor{26] usea similar strategy whensimulatingreflection,
arguingthatzonesof corvergenceappearchaoticandhencedo not needto beaccurately
modeledto produceplausibleresults. Unfortunately this is a fairly simplisticresponse
assuchregionscanadda greatdealof visualrichnesgo a sceneaf renderecdtorrectly

ConsiderFigure 5.1, which demonstrateshe samesequencef imagesusing the
algorithmdescribedn this researchascomparedo a ray tracer Although the central
trianglein theimagesreatedy thealgorithmappearso matchwell with thoseproduced
usingtheray tracerwith only thefifth imageshawing errors,the“ring” aroundtheedge
of the refractormakesthe hemisphericaEhapeof the membrananore apparenin the
ray tracedimages.lt is not difficult to aguethatthe ray tracedimagesaremuchricher
visually andgive amuchbetterimpressiorof refraction.

Moreover, theimagesn Figure5.1 canbeviewedasmoretheresultof goodluck than
robustnessn the algorithm. The factthatin virtually all theimagesthe centraltriangle
remaineda coherentsolid was simply dueto the fortunatefact that the virtual vertices
of the centralportion of therefractorwerefoundfirst. Had the facetson the edgeof the
refractoryieldedvirtual verticesfirst, theimagecould have beenmuchlesspleasing.In
fact,it is relatively rarethatimageswork outsowell. Figure5.2 containsatrianglewith

the samedepthasthe secondmagein Figure5.1, but with the triangleoffsetslightly to
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Figure5.1. A triangularpolygonmoving througha zoneof corvergence. The top two
rows shav imagesrom theresearclalgorithmwhile the bottomtwo rows areray traced.
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Figure5.2. A triangularpolygonoffsetto the sidewithin azoneof corvergence.Theleft
imageis producedy theresearclalgorithmwhile theright imageis ray traced.
theside. Noticethatneitherthebodyontheleft northesliver ontheright asseenin the
ray tracedimageare presentedoherentlyusingthe researctalgorithm. Instead,some
virtual verticesbelongto one body while othersbelongto the secondresultingin the
polygonbeingshovn smearedinrealisticallyacrosgheimage.
Evenwhentheimageresidesn the“sweetspot” of therefractorsuchaswitnessedn

Figure5.1 andis not subjectto smearing/movementthroughareasof corvergencecan
resultin poppingartifactsasvirtual verticesjump from onesideof theimageto another
This effect is visually distractingandquite visible. As such,thereis strongincentve to
createsomesolutionto the problempresentedby the zonesof corvergence bothfor the
sale of improving realismandto remove the artifactscauseddy the jumping of virtual

vertices.

5.14 Boundaries
Yetanotherchallengehatthis algorithmfacess whatto doin boundarycasesThese
caseccurwhensomeverticesof arefractedpolygonresideoutsidethe visible volume

of therefractorwhile otherverticesareinside. This meansat leastpart of the polygon



66

shouldbe visible throughthe refractor but unlessvirtual verticescanbe createdfor all
verticesof the polygon,it cannotbereconstructedtall. As virtual verticescanonly be
computedif the true vertex is containedin somecell of the refractor sucha situation
would meanthat therewould not be sufficient informationto draw the polygon. If this
occurswhile the polygonis beingmovedacrosgherefractor assoonasonetrue vertex
leavesthevisible volume,the polygonwill disappear

Therearea few tricks thatcanreducethe artifactscausedy this problem. Thefirst
method,implementedn the algorithmasdescribedis the useof extrapolatedrefraction
rays. Theseproducerefractorcellswherethey would not normally be presentallowing
virtual verticesto be computedor every facetof the refractor However, this still does
not solve the problemof whathappensvhenatruevertex is translatecbeyondtherange

of ary of therefractors cells,extrapolatedor otherwise.

A secondsolution that was attemptedwas the use of a boundaryring aroundthe
refractor In this case,an outerring of refractorfacetsis computedfor the purposeof
creatingcells,but thisouterring is notdravn duringthemultipassendering As aresult,
thevirtual verticesarecomputedisingarefractorthatis largerthanthemembranehatis
renderedAlthoughthis doesimprove the situationslightly, it is anunsatisfyingsolution
asit only provides a slightly larger magin of error, ratherthan actually solving the
problem.A large polygonmay still have verticesthatextendbeyondthe region covered

by theextendedcells,andhencedisappeawhentranslatedowardsthe refractors edge.

Finally, the refractedobjectcanbe subdvided so that eachpolygonin the refracted
objectis relatvely small. If this is done,the disappearancef 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 dravn. Unfortunately this too is nota
very satisfyingsolutionfor anumberof reasonsFirst, it still doesnot solve the problem

but only providesan additionalbuffer to reducethe visibility of the artifacts. Second,
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subdviding existing meshescan be an expensve process. Third, by subdviding the
refractedobjects,one endsup with more verticesfor which virtual verticesmust be
computed. Sinceincreasingthe numberof objectverticeswas shown to significantly
reducetheframerate,addingmoreverticesis notavery goodsolution.

Although the abore methodsprovide someextra cushionto reducethe effects of
disappearingolygons,they do not solve the problem. Ideally, a methodfor covering
all spacewith cellswould be developed thusallowing appropriatevirtual verticesto be
createdegardles®f wherethecorrespondindgrueverticeswere. Althoughthesevertices
would not be visible in the final rendering they would allow all virtual polygonsto be
rendereccompletely Ofek and Rappoportsolved this problemin their reflectionalgo-
rithm by effectively stretchingthe cells of outerverticesto cover therestof spaceg26].
Unfortunately refractionis a more complicatedprocessthan reflection,and it is not
apparenhow this extrapolationshouldbe accomplishedAttemptsweremadeto simply
extrapolatethe outercells, but theresultsproducedverepoorandresultedn changego
theorientationof therefractedoolygons.Solvingthe problemof creatingvirtual vertices

beyondthevisible volumewould greatlyimprove the behaior of this algorithm.

515 Acceleration

Currently the algorithmrequiresone cell containmentest per vertex per refractor
facet. At the sametime, the sceneresolutionis improved both by greatersubdvision
of therefractorandof the refractedgeometry As such,ary improvementin efficiency
relatedto eitherof thesefactorscouldsignificantlyimprove the quality of theimagethat
couldbeproducedatagivenframerate. Accelerationwould be especiallyusefulfor cell
containmentestssincethis wasshown to dominatethe algorithm'stime.

In OfekandRappoporswork, alookupcalledanexplosionmapwasusedto perform
an automaticdeterminationof the cell a particulartrue vertex was inside [26]. This

explosion map consistedof two spherescenteredat the approximatedcenterof the
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refractor Thesesphereswvereintersectedvith eachof the cells, effectively projecting
eachfacetontothe surroundingspheresThesespheresverethenturnedinto 2D texture
mapswith eachprojectedfacetcolor coded. When performingthe lookups,eachtrue
vertex would be projectedonto the two spheresusing a ray from the centerof the
spheresandtheseprojectedcoordinatesvould then be turnedinto coordinatesn the
aforementionedexture maps. By gettingthe color at the giventexture coordinate the

cell containingthetrue vertex couldbeinstantlydetermined.

The explosion map sacrificedsomeaccurag but, in the end, provided plausiblere-
sults while allowing the cell containmenttestto be independenbf the resolutionof
the refractor The creationof the cells and explosion map remainsa function of the
reflectorresolution. Unfortunately preliminary experimentsapplyinga similar method
to refractiondid not producepromisingresults. Refractionraysdisplay a significantly
morecomplicatedbehaior thanreflectionraysfor a givenshapeandhencearenotwell
suitedfor the simplelookup describedy anexplosionmap. Theresultsendedup being
significantly different from ideal valuesand did not give the appearancef plausible
refractiondespitesereral permutation®f the explosionmapconcept.As such,theuse
of an explosionmap-like lookup wasabandonedh favor of the bruteforce cell-by-cell

lookupdescribedn thiswork.

Another areathat was consideredn this researchwas the useof a level of detalil
methodto acceleratéacetcontainmentin sucha schemeanareaof the surfacewould
be approximatedas a single superfcet,and containmentn it would be tested. Only
if atruevertex wasfoundto be containedn this superficetwould subfacetsbe tested.
By having multiple levels of resolution,the searchfor containmentcould theoretically
be reducedto a logarithmof its original compleity. Unfortunately it is unlikely this
methodwould be fruitful sincesubcellsarenot necessarilyguaranteedo be contained
by their supercelhor is their unionguaranteedlb completelycover the spacedefinedby

their supercell As such,the methodwould probablyproducehighly flawedresults.
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As describedtheacceleratiorof the cell containmentestswould be of greatuseasit
would allow thealgorithmto provide significantlybetterresolution.However, the nature
of refractionmalesit very difficult to simplify with any degreeof accurag. As such,

this remainsanareaof futureinvestigation.

5.2 Applications

The algorithm presentedoy this researctrepresentan early demonstratiorof the
power of modelingrefractionusinggeometrictransforms.As notedearlief muchwork
still remainsbeforethe algorithmwill be able to provide the samescenecomplexity
currently associatedvith scanline renderers. However, even at this early stage,this
algorithmis capableof accuratelyrenderingsceneghat previous methodswould either
have beenunableto presentaccuratelyor which would not have beenpossibleat inter-
activerates.

Figure 5.3 shavs views from a simple programimplementedusing the researchal-
gorithm. The scenecontainsa well with a meshrepresentinghe surfaceof the water
Beneaththe watersurfacearethreedolphins,eachwith 285 vertices.In additionto the
dolphins,the texturedwalls andfloor of the well arealsorefracted,adding481 more
verticesto the scenefor a total of 1336 refractedvertices. The surface of the water
has484 facetswith the verticesarrangedn concentricrings. The surfaceof the water
is animated,which forcesall stepsof the algorithmto be performedfor eachframe.
Nonethelesshe programis ableto maintaina rateof betweenl5and27 fps depending
ontheviewing angle.This provedto beadequatéo make themotionof thedolphinsand
thewaterappeasmooth.

Theimagesin Figure5.3 werecreatedusingFresneleffectscombiningthe refracted
scenewith anervironmentmapof the sky. Thereflectedsky is especiallynoticeableat
low viewing angleswherethe Fresneltermis greater The imageswerealsorendered

usinga slight linear attenuationywhich accountdor the subtledifferencesn the shades
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Figure5.3. Imagesproducedusingtheresearchalgorithm.

of the dolphins. In orderto have smoothconnectvity for objectsthatbreakthe surface
of thewater if atrue vertex wasfoundnotto bein the visible volume,a virtual vertex

wascreatedvith thesamecoordinatessthetruevertex. Althoughthis producedsmooth
surfaceswvhereobjectsbrokethesurfaceof thewater it introducedts own setof artifacts,
especiallyatthe bottomof thewell. Sincetheforeshorteningffect of refractioncreated

avirtual well bottomthatwassignificantlyremoved from the true well bottom, bottom



71

polygonsthatcontainedverticesbothinsideandoutsidethevisible volumeendedup be-
ing stretchedetweerthetrueandforeshortenedepths.Thisproducedrisible stretching
of thewell bottomtexture,which canbeenseenalongthelower edgeof theimagewhere
the dolphin breaksthe surface of the water However, even in animatedscenesthis
artifactis relatively minor andcanappeato be a naturalresultof refraction.

The waterwasmodeledwith arelatively low amplitudefor thewaves. Sincea wave
peakhasa cornverging effect on the sight rays, as opposedto a trough, which hasa
diverging effect, therewill be zonesof corvergencewithin the scene. However, by
keepingthe wave amplituderelatively low, thesezonesof corvergencedo not appear
until below the bottom of the well and henceno scenegeometryentersthem. This
is an exampleof how control of the scenes geometrycan be usedto avoid zonesof
convergenceevenin the presencef a corverging membrane.

The primary contribution of this work is the demonstratiorof the feasibility of geo-
metric methodsin accuratelysimulatingrefractionin scanline renderersisinggeneral
refractor shapes. Previously, the limited body of researchinto the use of geometric
transformgo simulaterefractionhadfocusedon a small setof shapedor therefractor
It is hopedthat the researchput forward in this thesis,althoughstill requiringa large
amountof additionalwork to achieve the level of realismthat canbe expectedin most
scanline renderedscenesdemonstratethe promiseof this type of algorithmand will

sparkadditionalinvestigation.
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