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Abstract

This paperpresentsa simplemethodfor modelingandrenderingrefractive
objectsthatare nestedwithin eachother The techniqueallows the useof
simplerscenegeometryandcaneven improve renderingtime in someim-
ages. The algorithm can be easily addedinto an existing ray tracerand
males no assumptiongboutthe drawing primitivesthat have beenimple-
mented.

1 Intr oduction

Oneof the chief advantageof ray tracingis thatit providesa mathematically
simple methodfor renderingaccurateefractionsthroughdielectrics[3]. How-
ever, mostdielectricobjectsarepartof amorecomplex sceneandmaybenested
in otherobjects.For example,considernice cubepartially submegedin aglass
of water Theice,water andglasseachhave differentindicesof refractionwhich
would changeheray directiondifferently. Moreover, thechangen ray direction
depend®n boththerefractive index of its currentmediumandof the mediumit
is passingnto. If aray wasenteringice from water it would changedirection
differentlythanif it wasenteringice from air.

A commonmethodfor renderingnesteddielectricsis to modelthe scene
ensuringthatno two objectsoverlap. This caneitherbe doneusingconstructve
solid geometry(CSG)or by manualmanipulationof thegeometry A smallgap
is placedbetweenobjectsto ensurethat rays are never confusedaboutwhich
objectthey arehitting. This methodpresents challengen thatthe gapmustbe
largeenoughsothat oating pointerrorsdo nottransposehe objectborders put
if the gapis too large it becomes visible artifactin the renderedmage. Our
methodallows nesteddielectricswithout requiringthe renderetto supportCSG
primitivesandwithout needingary gapbetweenhe nestedobjects. It canalso
allow certainpiecesof geometryto be modeledat a lower resolutionthanwould
otherwisebenecessaryinally, thealgorithmallows somesurfacedo beignored
by therenderereducingtherenderingtime neededor somemodels.



Figure 1: The samescenerenderedwith differentpriorities. In the rst image,
priorities decreasdrom left to right. In the secondthe middle spherehasthe
lowestpriority. To make thedifferencemorevisible, thespherehave beengiven
thesamerefractive indicesasthe surroundingair.

2 Algorithm

Our methodworksby enforcinga strict hierarchyof closedgeometry All poten-
tially overlappingmaterialsarerepresentedsclosedsolidsandgivena priority
whenthey arede ned. Our algorithmworks by ensuringthatif arayis traveling
throughmultiple objects,only the objectwith the highestpriority will have any
effect on the behaior of theray. Essentiallythe algorithmis a simpli ed form
of CSG appliedto the refractionproblemin that objectinterfacesare de ned
by a geometricdifferenceoperation. This operationis controlledby the object
priorities. Figure 1 demonstratea sceneusingtwo differentsetsof priorities.

For our algorithmnestedobjectsshouldbe modeledin sucha way thaten-
suresthey overlap.For example,if renderingaglasslled with water thebound-
ary of thewaterwould be setbetweertheinnerandouterwalls of theglass.The
modelerwould assigna higher priority to the glassto ensurethat, whena ray
passedhroughthe overlappingregion, this region would betreatedaspartof the
glass.

To determinavhichobjectarayis effectively travelingthrough thealgorithm
usesasimplestructurecalledaninterior list. Interior lists aresmallarraysstored
with eachray thatindicatewhich objectsthatrayis traveling through.Dueto the
factthat objectsoverlap,aray's interior list may containmultiple objects. The



highestpriority objectof aray'sinteriorlist is theobjectwhichwill in uence the
ray's behaior.

In orderto handlethe fact that objectsoverlap, all objectintersectionsare
evaluatedusing the interior list and priority numbers. Sinceonly the highest
priority objectis consideredo exist whenmultiple objectsoverlap,we have two
cases:the ray intersectsan objectwith a priority greaterthanor equalto the
highestelementin the ray's interior list (called a true intersection), or the ray
intersectsan objectwith a lower priority thanthis greatesinterior list element
(calleda falseintersection). Rayswith emptyinterior lists will alwaysproduce
trueintersectionsExamplesf trueandfalseintersectiongreshavnin gure 2.

This algorithmcanbe utilized in virtually any ray castingschemencluding
pathtracing[2] andphotonmapping[1] andshouldrequireonly modestmodi-
cations to mostexisting renderers.Thesemodi cations areaddedto keepthe
interior list updatedandto differentiatebetweertrue andfalseintersections.

2.1 FalseRay Intersections

Whenafalseintersectioris encounteredo color calculationsareperformedand
we simply continuesearchindgor the next closestintersection.(“Color calcula-
tions” referto thespavningof re ection andrefractionrays,lighting, shadeving,
andothersimilar calculationghatwould contrituteto thecolor discoveredby the
givenray.) Thissearchs repeatedintil atrueintersectioris foundor all possible
intersectiondiave beenshavn to befalse thelatterindicatingthe ray missedall
geometry

Theonly computatiormadeasaresultof afalseintersections in theinterior
list. Theintersectedbjectis addedto or removed from the ray's interior list
basednwhethertheray enteredr exited this objectrespectiely.

2.2 True Ray Intersections

Trueintersectionsesultin normalcolor calculationsjustasthey wouldin anor-
malraytracer Unlike astandardaytracer however, there ection andrefraction
rays have interior lists which mustbe initialized. The re ection ray is simply
givena copy of the original ray's interior list sincethere ection ray crossesno
additionalboundaries.The refractionray, however, is createdoy crossingfrom
oneobjectto anotherandthereforewould have a differentinterior list from the
original. The refractionray startsby copying the interior list of its parent,but
thenaddsor removestheintersecteabject(dependingn whethertherefraction
ray is enteringor exiting this objectrespectiely).



_gass —__ WAlel__ o ray intersectghe glassfrom the outside.Since
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Figure2: Trueandfalseray intersectionsGlass(red) hasa higherpriority than

water(blue). Thedarkredareaindicatesvherebothmaterialsoverlap.Notethat

in a realimagethe ray directionbetween and andbetween and would

likely changedueto refraction. (This wasnot donehereto simplify the gure.)

Therewould be no changen directionbetween and sincetheintersectionin
is false.



At thesametime, to computethedirectionof therefractedray it is necessary
to know therefractionindex of thecurrentmedium(the“from-index”) andof the
mediumtheray will betransitioninginto (the“to-index”). If therefractionrayis
enteringtheintersectedbject,the from-index would betheindex of the highest
priority objectin theoriginal ray's interior list andtheto-index would be that of
theintersectedbject. If the refractionray is exiting the intersectedbject,the
from-index would the theindex of the intersectedbjectandtheto-index would
betheindex of the highestpriority objectin therefractionray'sinteriorlist. If a
ray'sinteriorlist is empty thisindicateghatrayis traveling outsideall geometry
Usually this spaceis giventhe refractive index of air, althoughary index could
beassigned.

3 Discussion

Thekey contribution of thisalgorithmis thatit allows objectsto overlapin model
spacewhile still producingcorrectbordersn therenderedmage.The methodis
relatively simple,but still manageso producestrongperformance.

3.1 Advantages

Thisalgorithmcansigni cantly simplify themodelingof nestedlielectrics.Con-
sideraglasslled with water Previously, thewaterwould have beenmodeledas
slightly smallerthantheinsideof the glass.In orderto keepthe gapbetweerthe
objectsassmall aspossiblethe borderof the waterwould needto be rendered
at high resolutionto closelyfollow the glasss surface. Using the methodpro-
posedin this paperthe sidesof the watercould be arywherebetweenthe sides
of the glass.Sincethe sidesof thewaterwould only beusedto markthewater's
boundaryandwould never be renderedthey could be modeledat a lower reso-
lution. Only the glassboundariesvould be modeledat high resolutionbecause
only theseboundariesvould bevisible in therendering.

A secondadvantageof thismethodis thatit makesthemodelingof somesur
facesunnecessarylf a single surfaceforms the boundarybetweentwo objects
only the higherpriority objectneedgo de ne this boundary Considergasbub-
blescompletelysurroundedy water Previously it would have beennecessary
to modelaborderfor thewatersurroundinghe bubblesaswell asmodelingthe
bubblesthemseles. However, usingour techniquejf onegivesthe gasbubbles
a higherpriority thanthe surroundingwateronly the bubbleswould needto be
modeled.As aresult,carefulorderingof priorities canactuallyreducethe num-
berof boundarieggainstwhich intersectiorcalculationamustbe performed.



A third advantageis that, becausedalse intersectionsdo not require color
calculations,renderingtime can actually be reducedin somemodels. Again,
considera glasswith waterin it. In a normalray tracer color valueswould be
calculatedvhentheray enteredhe glass exited the glass,andenteredhewater
for atotal of threecalculations.Using our algorithm,one of theseintersections
would be falseandwould receve no further computation.As aresult,the same
setof ray intersectionsvould resultonly in two color computations.

3.2 Implementation and Limitations

In orderto keeptrackof which objectsaray s inside,ourimplementatiorsimply
togglesinterior statusof an objecteachtime aray crossests boundary If aray
intersectsan objectandthe objectis notin theinterior list thenthe ray mustbe
enteringthe object. If theintersectedbjectis alreadyin theinterior list, theray
is currentlytravelingthroughtheobjectsinteriorandhencewould exit theobject
at this point. This techniquefails whenthe ray hasa singularintersectionwith
anobject,suchasalongthe object's silhouette.The useof a moresophisticated
algorithmfor determiningwhich objectsanray wasinterior to at a given point
couldmostlikely eliminatetheseerrors. However, evenwhenusingour simple
toggle method,we found that standardanti-aliasingtechniquesemoved most
artifacts.

Theprimarydisadwantageof thealgorithmis the constrainthatnestecgeom-
etry musthave overlappingborders. This requirementan provide someadded
compleity, especiallyif the surroundingmaterialis very thin. In mostcases,
however, a simplescalingof the interior objectby a smallamountwill bea suf-

cient solution.

3.3 Efciency

Our algorithmrequiresvery little additionaloverhead.In our implementation,
whenafalseintersectioris encounteredye simply movedthe baseof therayto
thelocationof thefalseintersectiorandre-castherayin thesamedirection. This
processs repeatedintil thenearesintersections atrueintersection Despitethe
inef ciency of this methodwe foundthatthe useof this algorithmhadaminimal
impacton the overall time of the renderingand could, in somecasesactually
reducethe renderingtime. Speci cally, in sceneswith no dielectricswe found
the algorithmto be only about0.8% slawer, while sceneswith multiply nested
refractive objects suchastheglassin Figure3, couldhavetheiroverallrendering
time reducedy morethan5% comparedo anunmodi ed ray tracer



Figure3: Glasswith nesteddielectrics. Priorities (from highestto lowest)are:
theglasstheice cube,theair bubblesunderthewater andthewater

Ourimplementatiorusesa shortarrayof pointersto sceneobjectsasthein-
terior list. Becauset is unlikely thata ray will startfrom inside morethana
handful of objectsthe interior list needonly be large enoughto containa few
elementsWe foundthatthe computationselatedto maintainingthe interior list
accountedor lessthan0.4%of the runtimeof the program evenfor scenesvith
multiply nestedbbjects.
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