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Abstract

This paperpresentsa simplemethodfor modelingandrenderingrefractive
objectsthatarenestedwithin eachother. The techniqueallows the useof
simplerscenegeometryandcaneven improve renderingtime in someim-
ages. The algorithm can be easily addedinto an existing ray tracerand
makesno assumptionsaboutthe drawing primitivesthathave beenimple-
mented.

1 Intr oduction

Oneof the chief advantagesof ray tracingis that it providesa mathematically
simplemethodfor renderingaccuraterefractionsthroughdielectrics[3]. How-
ever, mostdielectricobjectsarepartof amorecomplex sceneandmaybenested
in otherobjects.For example,consideranicecubepartiallysubmergedin aglass
of water. Theice,water, andglasseachhavedifferentindicesof refractionwhich
wouldchangetheraydirectiondifferently. Moreover, thechangein raydirection
dependson boththerefractive index of its currentmediumandof themediumit
is passinginto. If a ray wasenteringice from water, it would changedirection
differentlythanif it wasenteringice from air.

A commonmethodfor renderingnesteddielectricsis to model the scene
ensuringthatno two objectsoverlap.This caneitherbedoneusingconstructive
solidgeometry(CSG)or by manualmanipulationsof thegeometry. A smallgap
is placedbetweenobjectsto ensurethat rays are never confusedaboutwhich
objectthey arehitting. This methodpresentsa challengein thatthegapmustbe
largeenoughsothat�oating pointerrorsdonot transposetheobjectborders,but
if the gapis too large it becomesa visible artifact in the renderedimage. Our
methodallows nesteddielectricswithout requiringtherendererto supportCSG
primitivesandwithout needingany gapbetweenthenestedobjects. It canalso
allow certainpiecesof geometryto bemodeledat a lower resolutionthanwould
otherwisebenecessary. Finally, thealgorithmallowssomesurfacesto beignored
by therendererreducingtherenderingtime neededfor somemodels.
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Figure1: The samescenerenderedwith differentpriorities. In the �rst image,
priorities decreasefrom left to right. In the second,the middle spherehasthe
lowestpriority. To makethedifferencemorevisible, thesphereshavebeengiven
thesamerefractive indicesasthesurroundingair.

2 Algorithm

Ourmethodworksby enforcingastricthierarchyof closedgeometry. All poten-
tially overlappingmaterialsarerepresentedasclosedsolidsandgivena priority
whenthey arede�ned. Ouralgorithmworksby ensuringthatif a ray is traveling
throughmultiple objects,only theobjectwith thehighestpriority will have any
effect on thebehavior of the ray. Essentially, thealgorithmis a simpli�ed form
of CSG appliedto the refractionproblemin that object interfacesare de�ned
by a geometricdifferenceoperation.This operationis controlledby the object
priorities.Figure1 demonstratesasceneusingtwo differentsetsof priorities.

For our algorithmnestedobjectsshouldbe modeledin sucha way that en-
suresthey overlap.For example,if renderingaglass�lled with water, thebound-
aryof thewaterwouldbesetbetweentheinnerandouterwallsof theglass.The
modelerwould assigna higherpriority to the glassto ensurethat, whena ray
passedthroughtheoverlappingregion,this regionwouldbetreatedaspartof the
glass.

To determinewhichobjectarayis effectively travelingthrough,thealgorithm
usesasimplestructurecalledaninterior list. Interior listsaresmallarraysstored
with eachraythatindicatewhichobjectsthatray is travelingthrough.Dueto the
fact thatobjectsoverlap,a ray's interior list may containmultiple objects.The
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highestpriority objectof aray's interior list is theobjectwhichwill in�uence the
ray'sbehavior.

In order to handlethe fact that objectsoverlap,all object intersectionsare
evaluatedusing the interior list and priority numbers. Sinceonly the highest
priority objectis consideredto exist whenmultipleobjectsoverlap,we havetwo
cases:the ray intersectsan objectwith a priority greaterthan or equalto the
highestelementin the ray's interior list (calleda true intersection), or the ray
intersectsan objectwith a lower priority thanthis greatestinterior list element
(calleda falseintersection). Rayswith emptyinterior lists will alwaysproduce
trueintersections.Examplesof trueandfalseintersectionsareshown in �gure 2.

This algorithmcanbeutilized in virtually any ray castingschemeincluding
pathtracing[2] andphotonmapping[1] andshouldrequireonly modestmodi-
�cations to mostexisting renderers.Thesemodi�cations areaddedto keepthe
interior list updatedandto differentiatebetweentrueandfalseintersections.

2.1 FalseRay Intersections

Whenafalseintersectionis encounterednocolorcalculationsareperformedand
we simply continuesearchingfor thenext closestintersection.(“Color calcula-
tions” referto thespawningof re�ection andrefractionrays,lighting,shadowing,
andothersimilarcalculationsthatwouldcontributeto thecolordiscoveredby the
givenray.) Thissearchis repeateduntil a trueintersectionis foundor all possible
intersectionshavebeenshown to befalse,thelatterindicatingtheray missedall
geometry.

Theonly computationmadeasaresultof a falseintersectionis in theinterior
list. The intersectedobject is addedto or removed from the ray's interior list
basedonwhethertherayenteredor exited this objectrespectively.

2.2 True Ray Intersections

Trueintersectionsresultin normalcolorcalculations,justasthey would in anor-
malraytracer. Unlikeastandardraytracer, however, there�ection andrefraction
rayshave interior lists which mustbe initialized. The re�ection ray is simply
givena copy of theoriginal ray's interior list sincethere�ection ray crossesno
additionalboundaries.Therefractionray, however, is createdby crossingfrom
oneobjectto another, andthereforewould have a differentinterior list from the
original. The refractionray startsby copying the interior list of its parent,but
thenaddsor removestheintersectedobject(dependingonwhethertherefraction
ray is enteringor exiting thisobjectrespectively).
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���

glass water

���

Interior list: �

Theray intersectstheglassfrom theoutside.Since
theray did not begin in any object(the interior list
is empty)this is guaranteedto beatrueintersection.
We would computethe color valuesfor this point.
The re�ection ray would continueto usean empty
interior list. Therefractionray is shown in � .

�

�

glass water

� 	

Interior list: Glass

The refractionray from 
 continuesinto the glass.
It next strikestheborderof thewater(enteringthe
areawherebothwaterandglassarespeci�ed). Be-
causetheglasshasa higherpriority thanwater, the
intersectionwith the water is a false intersection.
Theinterior list is updatedandtheray continuesto
searchfor anintersection.

���

glass water

���

Interior list: Glass,Water

Theray next strikestheothersideof theglass.Be-
causethe glassis equalto the highestpriority ob-
ject in theinterior list (itself) this is a trueintersec-
tion. Color valuesfor this point arecalculated.The
re�ection ray's interior list would containboth the
glassand the water objects. The refractionray is
shown in 
 .

�

�

glass water

�

Interior list: Water

Therefractionray from � continuesinto thewater.

Figure2: Trueandfalseray intersections.Glass(red)hasa higherpriority than
water(blue).Thedarkredareaindicateswherebothmaterialsoverlap.Notethat
in a real imagethe ray directionbetween� and

�

andbetween� and
�

would
likely changedueto refraction. (This wasnot donehereto simplify the �gure.)
Therewould beno changein directionbetween

�

and � sincetheintersectionin
�

is false.
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At thesametime,to computethedirectionof therefractedray it is necessary
to know therefractionindex of thecurrentmedium(the“from-index”) andof the
mediumtheraywill betransitioninginto (the“to-index”). If therefractionray is
enteringtheintersectedobject,thefrom-index would betheindex of thehighest
priority objectin theoriginal ray's interior list andtheto-index would bethatof
the intersectedobject. If the refractionray is exiting the intersectedobject,the
from-index would thetheindex of theintersectedobjectandtheto-index would
betheindex of thehighestpriority objectin therefractionray's interior list. If a
ray'sinterior list is empty, this indicatesthatrayis travelingoutsideall geometry.
Usually this spaceis giventherefractive index of air, althoughany index could
beassigned.

3 Discussion

Thekey contributionof thisalgorithmis thatit allowsobjectsto overlapin model
spacewhile still producingcorrectbordersin therenderedimage.Themethodis
relatively simple,but still managesto producestrongperformance.

3.1 Advantages

Thisalgorithmcansigni�cantly simplify themodelingof nesteddielectrics.Con-
sideraglass�lled with water. Previously, thewaterwouldhavebeenmodeledas
slightly smallerthantheinsideof theglass.In orderto keepthegapbetweenthe
objectsassmall aspossiblethe borderof the waterwould needto be rendered
at high resolutionto closely follow the glass's surface. Using the methodpro-
posedin this paperthesidesof thewatercouldbe anywherebetweenthesides
of theglass.Sincethesidesof thewaterwould only beusedto markthewater's
boundaryandwould never berendered,they couldbemodeledat a lower reso-
lution. Only theglassboundarieswould bemodeledat high resolutionbecause
only theseboundarieswouldbevisible in therendering.

A secondadvantageof thismethodis thatit makesthemodelingof somesur-
facesunnecessary. If a singlesurfaceforms the boundarybetweentwo objects
only thehigherpriority objectneedsto de�ne this boundary. Considergasbub-
blescompletelysurroundedby water. Previously it would have beennecessary
to modela borderfor thewatersurroundingthebubblesaswell asmodelingthe
bubblesthemselves.However, usingour technique,if onegivesthegasbubbles
a higherpriority thanthesurroundingwateronly thebubbleswould needto be
modeled.As a result,carefulorderingof prioritiescanactuallyreducethenum-
berof boundariesagainstwhich intersectioncalculationsmustbeperformed.
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A third advantageis that, becausefalse intersectionsdo not requirecolor
calculations,renderingtime can actually be reducedin somemodels. Again,
considera glasswith waterin it. In a normalray tracer, color valueswould be
calculatedwhentherayenteredtheglass,exited theglass,andenteredthewater
for a total of threecalculations.Usingour algorithm,oneof theseintersections
would befalseandwould receive no furthercomputation.As a result,thesame
setof ray intersectionswould resultonly in two colorcomputations.

3.2 Implementation and Limitations

In orderto keeptrackof whichobjectsarayis inside,our implementationsimply
togglesinterior statusof anobjecteachtime a ray crossesits boundary. If a ray
intersectsanobjectandtheobjectis not in the interior list thentheray mustbe
enteringtheobject.If theintersectedobjectis alreadyin theinterior list, theray
is currentlytravelingthroughtheobject'sinteriorandhencewouldexit theobject
at this point. This techniquefails whenthe ray hasa singularintersectionwith
anobject,suchasalongtheobject's silhouette.Theuseof a moresophisticated
algorithmfor determiningwhich objectsan ray wasinterior to at a givenpoint
couldmostlikely eliminatetheseerrors.However, evenwhenusingour simple
toggle method,we found that standardanti-aliasingtechniquesremoved most
artifacts.

Theprimarydisadvantageof thealgorithmis theconstraintthatnestedgeom-
etry musthave overlappingborders.This requirementcanprovide someadded
complexity, especiallyif the surroundingmaterialis very thin. In mostcases,
however, a simplescalingof theinterior objectby a smallamountwill bea suf-
�cient solution.

3.3 Ef�ciency

Our algorithmrequiresvery little additionaloverhead.In our implementation,
whena falseintersectionis encountered,we simplymovedthebaseof theray to
thelocationof thefalseintersectionandre-casttherayin thesamedirection.This
processis repeateduntil thenearestintersectionis atrueintersection.Despitethe
inef�ciency of thismethodwefoundthattheuseof thisalgorithmhadaminimal
impacton the overall time of the renderingandcould, in somecases,actually
reducethe renderingtime. Speci�cally, in sceneswith no dielectricswe found
the algorithmto be only about0.8%slower, while sceneswith multiply nested
refractiveobjects,suchastheglassin Figure3,couldhavetheiroverallrendering
timereducedby morethan5% comparedto anunmodi�ed ray tracer.
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Figure3: Glasswith nesteddielectrics.Priorities(from highestto lowest)are:
theglass,theicecube,theair bubblesunderthewater, andthewater.

Our implementationusesa shortarrayof pointersto sceneobjectsasthein-
terior list. Becauseit is unlikely that a ray will start from insidemore thana
handfulof objectsthe interior list needonly be large enoughto containa few
elements.We foundthatthecomputationsrelatedto maintainingtheinterior list
accountedfor lessthan0.4%of theruntimeof theprogram,evenfor sceneswith
multiply nestedobjects.
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