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Abstract. This paperpresentsa ray tracerthatfacilitatesnear-interactive scene
editing with incrementalrendering;the usercanedit the sceneboth by manip-
ulating objectsand by changingthe viewpoint. Our systemusesobject-space
radianceinterpolantsto accelerateray tracingby approximatingradiance,while
boundingerror. We introducea new hierarchicaldatastructure,the ray seg-
menttree(RST),which tracksthe dependenciesof radianceinterpolantson re-
gionsof world space.Whenthesceneis edited,affectedinterpolantsarerapidly
identi�ed— typically in 0.1seconds—bytraversingtheseraysegmenttrees.The
affectedinterpolantsareupdatedandusedto re-renderthescenewith a 3 to 4 �

speedupover thebaseray tracer, evenwhentheviewpoint is changed.Although
the systemdoesno pre-processing,performanceis betterthanfor the baseray
tracerevenon the�rst renderedframe.

Keywords: Ray tracing, radiance interpolation, scenemanipulation, incremental
rendering

1 Intr oduction

Raytracingis apopulartechniquefor producinghigh-qualityimagery. Raytracerstyp-
ically supportspecularanddiffusere�ectancefunctions,andgeneralgeometricprimi-
tives,producinghighqualityview-dependentimages.However, thisquality is achieved
by compromisinginteractivity; ray tracingis notcommonlyusedin interactiveapplica-
tionssuchaseditingandviewing becauseof thehighcostof computingeachframe.

In recentyears,strideshave beenmadein facilitating interactive scenemanipula-
tion with ray tracing. Severalresearchershave developedray tracerssupportingscene
editingthatincrementallyrenderpartsof thescenethatmight beaffectedby a change.
Cook'sshadetrees[4] maintaina symbolicevaluationof thelocal illuminationat each
pixel of a frame. Whenanobject's materialpropertiesarechanged,if theshadetrees
remainthe same,they arere-evaluatedwith the new materialproperties.Séquinand
Smyrl [9] extendtheseshadetreesto includere�ections andrefractions. Their trees
representthe entireradiancecontribution by the sceneat eachpixel. In their system,
changesto anobject'smaterialproperties(e.g.,color, specularcoef®cient)aretheonly
user-speci®ededitspermitted. MurakamiandHirota [8] andJevans[7] extendthese
techniquesto supportgeometrychanges(e.g., object is moved) by associatingrays
with thevoxelsthey traverse.A scenechangeaffectsvoxelsandtheir associatedrays.

More recently, Bri �ereandPoulin[3] introduceda systemthatmaintainscolor trees
andray treesto separatelyaccelerateupdatesto objectattributesandgeometry. At-
tributechangesinvolveadjustmentsto anobject'scolor, re�ection coef®cientetc.,while
geometrychangesincludechangessuchasmoving anobject.Their systemre�ects at-
tributechangesin about1-2 seconds,andgeometrychangesin 10-110seconds.
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All of theabovetechniquesarepixel-based; thatis, additionalinformationis main-
tainedfor eachpixel andusedto recomputeradianceastheusereditsthescene.The
chief drawbackof thesesystemsis that they arecompletelyview-dependent;while a
usercanedit thescene,he cannotadjusttheviewpoint. Also, for high resolutionim-
ages,thememoryrequirementscanbelarge.

Anotherrelatedareaof researchis theuseof line or ray spaceto accelerateediting
andrenderingin global illumination algorithms.Arvo andKirk [1] representbundles
of raysas5D boundingvolumesthat areusedto accelerateray-objectintersections,
but do not accelerateshadingor editing. In the context of editing for radiosityappli-
cations,DretakkisandSillion [5] augmentthe link structureof hierarchicalradiosity
with additionalline-spaceinformationto tracklinks affectedby theadditionor deletion
of objects.Thehierarchicallink structure,andhencethe implicit line space,makesit
possibleto identify affectedregionsrapidly whenanobjectis edited. Their systemis
not pixel-based;therefore,a usercanchangetheviewpoint afteranupdate.However,
their algorithmsapplyonly to radiositysystemsfor sceneswith diffusematerials.

In previous work [2, 11] we presenteda systemto accelerateray tracing using
per-object 4D radianceinterpolantsusedto approximateradiance,while guarantee-
ing boundson error. A radianceinterpolantrecordsview-dependentradiancefor a set
of raysthatintersectanobject.Thesystemusesanerrorpredicateto guaranteethatthe
interpolantapproximatesradiancefor every ray coveredby thatsetof raysto within a
user-speci®ederrorbound.For eachpixel, thesystem®ndsthe interpolantthatcovers
thateye ray, andif it exists,usesit to interpolateradiance.Interpolantsarebuilt lazily
andadaptively asneededandstoredin 4D treescalledlinetrees. Whentheviewpoint
changes,someinterpolantsfrom thepreviousframearereused.Thus,oursystemaccel-
eratesray tracingwhile allowing theviewpoint to move; however, objectsin thescene
cannotbemodi®ed.

In this paper, we presenta systemthatsupportsinteractivesceneeditingwhile per-
mitting changesin theviewpoint. Our work draws on the work of Bri �ereandPoulin,
DretakkisandSillion, andour previouswork on radianceinterpolants,while providing
additionalfunctionality. Our systembuilds radianceinterpolantsto acceleraterender-
ing by approximatingradiance.Whenanobjectis updated,only a subsetof globalline
spaceis affected. We introducespace-ef®cient hierarchical5D ray segmenttreesto
tracktheregionsof rayspacethataffectaninterpolant.Whenthesceneis edited,trees
aretraversedto rapidly identify andinvalidatethe interpolantsthatareaffectedby the
edit. Whenanew frameis renderedfrom thesameor adifferentviewpoint,interpolants
thatarestill valid arereusedto acceleraterendering.

First,wereview 4D per-objectinterpolantsin Section2. In Section3, weshow how
to augmentinterpolantsto supportinteractive sceneediting, anddescribehow these
augmentedinterpolantscanbe usedwith global linetreesto track the regionsof line
spaceaffectedby aninterpolant.In Sections4 and5, we addressthelimitationsof the
4D global linetreesby using5D ray segmenttrees,andexplain how thesetreescanbe
usedto ®nd all interpolantsthatmight beaffectedby a sceneedit. Finally, we present
resultsin Section6, andconcludewith a discussionof futurework in Section7.

2 RadianceInter polants

In this section,we review how 4D radianceinterpolantsareusedto accelerateray trac-
ing by exploiting spatialcoherence,both objectandscreen-space,andalso temporal
coherence.The key ideaof this systemis to accelerateray tracingby approximating
radiancewhile guaranteeingerrorbounds.Everyray intersectinganobjecthasanasso-
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ciatedradiance.Assumingthata ray intersectsanobject,andtheobjectis surrounded
by a transparentmedium,the ray canbe parameterizedusing four coordinates.The
spaceof all suchraysis thefour-dimensionalspaceof directedlines,calledline space.
A radianceinterpolantrepresentstheradianceof anobjectover a region of line space;
the interpolantis saidto cover that region of line space.Theregion of line spacecov-
eredby an interpolantis a four-dimensionalhypercube,andevery ray coveredby the
interpolantlies inside the hypercube.The interpolantrecordsa radiancesamplefor
eachof the sixteenverticesof the hypercube.The radianceassociatedwith any ray
coveredby the interpolantis thenapproximatedby quadrilinearlyinterpolatingthese
radiancesamples.Whenradianceis coherent,radianceinterpolantsareanef®cientway
to computeandrepresenttheradianceof ascene.

Radianceinterpolantshavetwo importantpropertiesfor interactivesceneediting:

� Interpolantsdo not dependon the viewpoint; therefore,the viewpoint can be
changedfreelywithout invalidatingthem.As longasraysfrom thecurrentview-
point arecoveredby aninterpolant,theinterpolantcanbereused.

� An updateto theradiancesamplesstoredin aninterpolanteffectively updatesra-
diancefor all rayscoveredby thatinterpolant.Thus,interpolantsareanef®cient
way to structuretheupdateof radianceinformationwhenasceneis edited.

2.1 Ray parameterization
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Fig. 1. Rayparameterizationin 3D. The ray is parameterizedby
����������	
���
�

, its interceptswith
thefront andbackfacesof theexpandedfacepair.

Every ray intersectingan object is parameterizedby four coordinates����������������� ,
which arethe interceptsthat it makeswith two parallel facessurroundingthat object
(seeFigure1). To completelycover thespaceof raysthatintersecttheobject,six pairs
of parallelfacesareconsidered.Eachfacepair is de®nedby two parallelfacesanda
principaldirectionthatis perpendicularto thefaces.Theprincipaldirectionsof thesix
facepairsare ���

� , ���

 and ���

! . Every ray intersecting" is uniquelyassociatedwith the
facepairwhoseprincipaldirectionis closestto theray'sdirection;thatis, theprincipal
directionontowhichtherayhasthemaximumpositiveprojection.To ensurethatevery
rayassociatedwith afacepair intersectsbothparallelfaces,thefacesaresizedasshown
in Figure1. Oncethefacepair associatedwith a ray is identi®ed,theray is intersected
with its front andbackfacesto computeits �������#� and ���$���%� coordinatesrespectively.
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2.2 4D RadianceInter polants

Whenrenderinga pixel, the systemmustbe able to ®nd an interpolant(if any) that
coverstheeye ray correspondingto thatpixel. To accelerateinterpolantlookup, inter-
polantsarestoredin linetreesthatarethe4D analoguesof octrees.Thereis a linetree
associatedwith eachfacepair of anobject. For every eye ray, oncetheobjectit inter-
sectsis known,aninterpolantis foundby walkingrecursively down from therootof the
linetreeof theappropriatefacepair. Theradiancefor theeye ray is thenquadrilinearly
interpolatedusingtheradiancesamplesin theinterpolant.

Interpolationerror arisesfrom discontinuitiesand non-linearitiesin the radiance
function.An error predicateis testedto automaticallydetectboththeseconditions.An
interpolantis notconstructedif theerrorpredicateindicatesconservatively thatits inter-
polationerrorwould exceeda user-speci®edbound.Theerrorpredicateusesinforma-
tion aboutray trees[3] to identify theregionsof line spacethathavesmoothlyvarying
radiancethat is approximatedwell by quadrilinearinterpolation. The error predicate
ensuresthatlinetreesaresubdividedadaptively; interpolantscover largeregionsof line
spacewhereradiancevariessmoothly, andconversely, whereradiancechangesrapidly,
interpolantscover small regionsof line space.Thus,adaptive subdivision of linetrees
preventserroneousinterpolationwhile allowing reusewhenpossible. Currently, the
errorpredicateonly supportsconvex objects,asdiscussedin Section7.

Visibility determinationatpixelsis anotherimportantfunctionof theray tracerand
is neededin orderto ®nd thecorrectinterpolantfor aneye ray. We usea conservative
algorithmfor reprojectionof linetreecells to acceleratevisibility determination.This
algorithmexploitsthetemporalframe-to-framecoherencein theuser'sviewpoint,while
guaranteeingthatthecorrectvisible surfaceis detectedfor eachpixel. A fastscan-line
algorithmacceleratesrenderingusingthereprojectedlinetrees.See[2] for details.

Thisalgorithmhastheimportantpropertythatit isentirelyon-line;nopre-processing
is necessaryto constructradianceinterpolants. Radianceinterpolantsare generated
lazily andadaptively asthe sceneis renderedfrom variousviewpoints. This on-line
propertyis usefulfor interactiveapplications.

3 Inter polants and SceneEditing

In this section,we describehow to identify interpolantsthatareaffectedby an object
edit. First, we presenta global four-dimensionalparameterizationof raysandshow
that the region of line spaceaffectedby anobjectedit is a subsetof global line space.
We thendescribehow a hierarchicalgloballinetreecanbeusedto rapidly identify and
invalidatetheinterpolantsaffectedby anobjectedit.

3.1 Global Line SpaceParameterization

Global line spaceis thespaceof all directedlines that intersectthescene.In thepre-
vioussection,wepresenteda four dimensionalparameterizationof raysintersectingan
object. We usea similar parameterizationfor rays intersectingthe scene,exceptthat
thefacepairs(asshown in Figure1) surroundthescene,and ���

�

��� is thesizeof the
boundingbox of theentirescene.As explainedin Section2, every ray intersectingthe
sceneis associatedwith a facepair, andtheray is parameterizedby thefour intercepts
it makeswith the two parallel facesof the facepair. Note that per-object line space
coordinatescanbeeasilytransformedinto globalline spacecoordinates.

For simplicity, we explain ideasin 2D in this paper;theextensionof theseideasto
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3D is straightforward.Each2D ray is representedby two intercepts� �����
� thatit makes
with a pair of parallel2D line segments;this representationis a 2D analogueof the
ray parameterizationin Section2.1. For example,in Figure2-(a), thehorizontallines
surroundingthe circle representa 2D facepair for global line space. Four suchface
pairsareneededto representall theraysthatintersectthescene.

3.2 Line Spaceaffectedby an Object Edit

A basicintuition is that interpolantscanbeupdatedef®ciently to re�ect anobjectedit
becauseanobjectedit affectsa contiguoussubsetof line space,asshown in Figures2-
(a) and(b). On the left in Figure2-(a),a circle C in world space,a ray that intersects
C, andits associatedfacepair areshown. On theright is a Cartesianrepresentationof
2D line space.Every directedline in world spaceis a point in line space.The setof
raysthat intersectsthecircle in world spacecorrespondsto the interior of a hyperbola
in line spaceasshown on theright in Figure2-(a)(SeeAppendixA for details).When
thecircle is edited,the radianceof every ray in theshadedregion of line spacecould
beaffected.Therefore,everyinterpolantthatincludesaray in theshadedregionshould
be updated. If all the rays coveredby an interpolantlie outsidethis hyperbolathe
interpolantis notaffectedandcanbereused.In thenext section,weexplainhow to ®nd
therayscoveredby aninterpolant.
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Fig. 2. Whenthecircle or rectangleareedited,theshadedregion of line space(on the right of
thecorresponding�gures) is affected.

If insteadof a circle, a rectangleis edited(shown in Figure2-(b)), an hourglass-
shapedregion (similar to a hyperbola)of line spaceis affectedby theedit. Theimpor-
tant point is that the region of line spaceaffectedby an edit is a well-de®nedsubset
of line spacethatcanbeidenti®edef®ciently usinga hierarchicaltreeto representline
space.This is truefor objecteditsin 3D world space(4D line space)aswell.

3.3 Inter polant Dependencies

Interpolantsarean ef®cient way to structurethe updateof radiancewhena sceneis
changed,sinceanupdateto theradiancesamplesof theinterpolanteffectively updates
the radiancefor all rayscoveredby the interpolant. In this section,we explain how
interpolantsareaffectedby sceneediting.

First we review the conceptof ray trees,which are importantfor understanding
interpolantdependencies.In a Whittedray tracer[13], whentheradiancefor a ray is
computed,an associatedray treecanbe built that recordsall the sourcesof radiance
that contributed to the total radianceof the ray [2, 3, 9]. Eachinternalnodein the

5



ray treecorrespondsto an intersectionof a ray with a surface,andthe leaf nodesare
lights. An arc of a ray treerepresentsa ray segmentfrom a surfaceto eitheranother
surfaceor a light. A ray treenodehasposition-independentandposition-dependent
information[3]. Theposition-independentinformationincludestheobjectintersected
by the ray, a list of every light that contributesto the radianceat thatpoint, anda list
of every occluderthatblockssomelight. Theposition-dependentcomponentincludes
thepoint of intersectionof theray, thenormalat thatpoint, texturecoordinates(if the
objectis textured),andpointersto the re�ected andrefractedray trees(if they exist).
Thesere�ectedandrefractedray treesarecomputedrecursively. To conservememory,
theposition-independentinformationin ray treesis sharedwhenpossible[2, 3].

In our earlierwork [2], the error predicateusedthe sixteenradiancesamplesand
theirassociatedraytreesto determineif theinterpolantapproximatesradianceto within
a user-speci®ederrorboundover the region of line spacethat is coveredby the inter-
polant.To detectradiancediscontinuities,theerrorpredicaterequiresthattheposition-
independentcomponentsof thesixteenextremalray treesbe thesame.Sincetheob-
ject associatedwith the interpolantis convex, every ray coveredby the interpolantis
boundedby theextremalrays,evenafteroneor morere�ections. An additionalshaft-
cull [6] thenguaranteesthateveryray coveredby the interpolantalsosharesthesame
position-independentray treecomponent.

Thesixteenextremalray treesdiffer only in their position-dependentinformation.
Consideronesetof sixteencorrespondingarcsfrom theextremalray trees;eacharcis a
raysegment.Thecorrespondingraysegmentof everyinterior raylies in the3D volume
boundedby thesesixteenray segments.Therefore,whena sceneedit affectsthat3D
volumeof space,the interpolantshouldbe invalidatedto guaranteecorrectness.We
representthis 3D volumeconservatively asa shaft[6]. Thesetof all shaftsrepresented
by an interpolant's ray treesis similar to the tunnelsusedby Bri �ere andPoulin [3],
althoughin thatwork raydependenciesarecapturedonly for a®xedviewpoint. In Plate
A, sometunnelsassociatedwith interpolantsfor thethree-spheresceneareshown.
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Fig. 3. Raysthataffect aninterpolant:(a)Light rays,(b) Occluderrays,(c) Re¯ectedrays.

Now weconsiderthedifferenttypesof ray-treearcsandthe3D volumesthey cover.
Figure3 depictsthreesucharcs,correspondingto unoccludedlight rays,occludedlight
rays,andre�ectedrays.In the®gure,theellipse " is theobjectfor whichaninterpolant
I is built. The interpolantis associatedwith the facepair shown as two vertical line
segmentssurrounding" . Thedottedlinesshow thefour extremalrays(in 2D) thatare
usedto build I. The two horizontallinesat the top andbottomof thesceneshow one
of the facepairsof global line space.Thevolumethataffectseacharc (andtherefore
affectstheinterpolant)is shadedin each®gure.

In Figure3-(a), the four extremalrays intersect" , andtheir radianceis evaluated
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by shootingraysto the light L which is visible to every ray coveredby I. Therefore,I
dependson theshadedregionshown in the®gure.In Figure3-(b),thelight raysfor the
interpolantareall occludedby thesameoccluder� . If � is opaque,I dependsonly on
theoccluder� . If � is transparent,I dependson theshadedregion shown in the®gure.
In Figure3-(c), thevolumeof spacethataffectsthearcscorrespondingto re�ectionsin
theinterpolantis shaded.Thus,theregionsof world spacethataffectaninterpolantcan
bedeterminedusingtheray treesassociatedwith theextremalraysof the interpolant.
An interpolantcanbecomeinvalid only if thesceneeditaffectsoneof theseregions.

3.4 Finding Affected Inter polantsusingGlobal Linetr ees

Givenasceneedit,wewantto ef®ciently identify theinterpolantsthatcouldbeaffected
by theedit. We now discusshow global line spacecanbeusedto tracktheregionsof
3D spacethataffect an interpolant.This is similar to theapproachtakenby Drettakis
andSillion [5] for radiositysystems.

c0 c1

a0 a1a0 a1

c0 c1

Fig. 4. Globalline spacefor: (a)Light rays,(b) Re¯ectedrays.

Whenthesceneis edited,theedit affectsa 3D volume.An interpolantdependson
that3D volumeif any tunnelassociatedwith theinterpolantintersectsthatvolume.We
would like to rapidly identify all suchtunnels.Eachof thetunnelsectionsis contained
in someregion of global line space.This region canbe characterizedconservatively
by extendingthesixteenextremalraysthatde®nethetunnelsectionuntil they intersect
theappropriateglobal facepair. For example,Figures4-(a)and(b) show this compu-
tation in 2D. In Figure4-(a), the four extremal rays from the object " to the light �

areextendedto intersecta global facepair (shown ashorizontallinessurroundingthe
scene).The � and � rangesof theseintersectionsarecomputed.The corresponding
rectangularregion in line space,� ��� ������� ��� �	� ���
��� , is aconservativecharacterizationof
thevolumethataffectstheinterpolant.In the®gure,this region of line spaceis shown
in mediumgray. Similarly, in Figure4-(b), theextremalre�ected raysareintersected
with theglobal facepair andthemediumgrayregion shows thecorrespondingregion
of line space.Thischaracterizationis conservativebecauseit coversalarger3D volume
thanits tunnelsection.In thenext sectionthis characterizationis mademoreprecise.

In 4D, eachtunnelsectionof an interpolantis conservatively representedby 8 co-
ordinates���

�
� �

�
���

�
���

�
� Ð ���

�
���

�
���

�
���

�
� thatde®nea4D boundingbox in line space.

Thetunnelsectionsaffectedby anobjectedit canberapidly identi®edin thefollowing
manner:a linetreeis constructedfor eachfacepair of global line space.Eachnodeof
thelinetreecorrespondsto a 4D boundingbox in line space.A leafnodein thelinetree
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containspointersto every interpolantthat dependson the region of line spacerepre-
sentedby thenode.In otherwords,for every interpolantincludedin thelinetreenode,
the4D boundingbox of the linetreenodeintersectsthe4D boundingbox thatconser-
vatively representsat leastoneof the interpolant's tunnelsections.This hierarchical
linetreecanbeusedto rapidly identify theinterpolantsaffectedby anobjectedit.

4 Inter polants and Ray Segments

Theprevioussectiondescribedadatastructurethatconservatively trackstheregionsof
line spacethat affect an interpolant.However, this representationis too conservative.
In this section,we introducea 5D parameterizationof raysto addressthis limitation,
anddescriberaysegmenttreesthatimproveon thelinetreesof theprevioussection.

4.1 Limitations of Line Space

a
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t = t0
o
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q

Fig. 5. (a) Line spacevs. Rayspace,(b) usingtheextradistancedimension� .

The maindisadvantageof the4D representationof lines is that it is too conserva-
tive. This problemis illustratedin Figure5-(a),which shows aninterpolantfor " . The
tunnelsectioncorrespondingto re�ected raysfrom " is shown in darkgray, while the
correspondingconservative line spacerepresentationis shown in light gray. Whenthe
circles� and � areedited,they intersectthe4D boundingboxrepresentedby thetunnel
section.Therefore," 's interpolant,storedin someleaf of thegloballinetree,is �agged
asa potentialcandidatefor invalidation. However, " 's interpolantis only affectedby
changesin the dark gray region andthis invalidationis unnecessary. We addressthis
problemby introducinganextra parameter� for rays. Intuitively, this parameterrepre-
sentsthedistancealongthe4D lines. In Figure5-(b), the light gray line spaceregion
is boundedby ����� � and ����� � . Usingthis extra parameter, " 's interpolantis not
�agged for invalidationwhenthecirclesareupdated.

4.2 Global ray segmenttr ees

To ef®ciently identify the interpolantsthat areaffectedby an edit, the systemmain-
tains six global ray segmenttrees(RSTs). Each RST node storesten coordinates

���
�

� �
�

���
�

���
�

���
�

� to ���
�

� �
�

���
�

���
�

���
�

� that de®nea 5D boundingbox in ray segment
space.The � dimensionrepresentsthedistancealongtheprincipaldirectionof theface
pair. The front faceof the facepair is at �	��
 andthe backfaceis at �	�
� . The
rootnodeof thetreespanstheregionfrom ��
 ��
 ��
 ��
 ��
�� to ���
��� ��� ���
��� � . WhenanRST
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nodeis subdivided,eachof its ®ve axesis subdividedsimultaneously. Eachof the32
childrenof theRSTnodecoverstheregion of 5D ray spacethat includesall raysfrom
its front faceto its backface. While this branchingfactormay seemhigh, the treeis
sparse,keepingmemoryrequirementsmodest.

Figure 6 shows RST nodesfor 2D rays. The parentnode from � � � ��� � ��� � � to
��� � ��� � ��� � � is shown on the top left, and � - � - � ray segmentspace(a threedimensional
unit cube)is shown on the top right. The parentrepresentsall raysenteringits front
faceandleaving its backface.Whentheparentis subdivided,theraysrepresentedby
its eight childrenareasshown. Children0 through3 correspondto the ray segments
thatstartat thefront faceat � � � � andendat themiddlefaceat � �

���������

	 . Similarly,
children4 through7 startat the middle faceandendat �	��� � . Whenthe parentis
subdivided,truncatedsegmentsof theparent's rays(shown in blackin the®gure)lie in
differentchildren.

c

t

a

parent

1 3

2

7

4

5

6

0

child 0 child 1 child 2 child 3 child 4 child 5 child 6 child 7

Fig. 6. Subdivision of RaySegmentTrees.

4.3 Inserting interpolants in the RSTs

RSTsarepopulatedwith interpolantsby arecursiveinsertionalgorithmthatstartsfrom
the root RST node. For eachtunnel sectionof the interpolant,its sixteenextremal
rays are intersectedwith the currentRST nodeto computea 5D boundingbox that
includesthe tunnelsection.If this boundingbox intersectsa leaf RSTnode,a pointer
to theinterpolantis insertedin thenode.For a non-leafnode,thealgorithmrecursively
insertstheinterpolantinto thechildrenof theRSTnodethat intersectits 5D bounding
box. As describedin Section3, theleafnodein anRSTstoresa list of pointersto every
interpolantthatdependson theregionof raysegmentspacecoveredby thatnodeanda
list of the5D boundingboxesof theinterpolant'scorrespondingtunnelsection.

5 Using Ray SegmentTrees

In thissection,wedescribehow interpolantsaffectedby anobjecteditarerapidly iden-
ti®edandinvalidatedusingRSTs.Bri �ereandPoulin[3] describetwo maincategoriesof
objectedits: attributechanges(includingchangesto anobject's color, specularor dif-
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fusecoef®cient),andgeometrychanges(including insertionor deletionof anobject).
In their work, attributeandgeometrychangesarehandledusingdifferentmechanisms,
sinceattributechangescanbedealtwith rapidly, while geometrychangesrequiremore
time. In our work, RSTspermitrapid identi®cationof affectedinterpolants;therefore,
weusethesamemechanismto identify affectedinterpolantsfor bothtypesof changes.

5.1 Identifying Affected Inter polants

When an object is edited,we use3D shafts[6] to identify every region of ray seg-
mentspace,andthereforeeveryassociatedinterpolant,thatis affectedby theedit. The
identi®cationalgorithmis recursiveandstartsat eachof thesix root RSTnodeswith a
world-spaceregion � (theobject'sboundingbox) thatis affectedby anobjectedit. For
eachRSTnodevisitedrecursively, ashaftis built enclosingthe3D volumebetweenthe
front andbackfaceof thenode.Theshaftconsistsof six planes:four planesfrom each
edgeof thenode's front faceto thecorrespondingedgeof its backface,andtwo planes
thatcorrespondto its front andbackfaces.If theshaftintersects� , thechildrenof the
RSTnodearerecursively testedfor intersectionwith � . Whentheshaftof a RSTnode
doesnot intersect� , thedescendantsof thatnodearenot visited. If theRSTnodeis a
leaf, it hasa list of pointersto interpolantsthatdependon the3D volumerepresented
by thenode'sshaft,andthe5D boundingboxesof their correspondingtunnelsections.
A 3D shaft is constructedfor eachsuchtunnelsection. If that shaft intersects� , the
interpolantis �agged asa candidatefor update.Our approachis similar to theshafts
presentedby Drettakisand Sillion [5], thoughthey implicitly usethe radiosity link
structureto constructshafts.In [3], shaftsareconstructedfor pixel-basedrays.PlateA
showstheinterpolantsthatdependonthere�ectivemirror for themuseumsceneshown
in PlateB.

Oneclassof affectedinterpolants(depictedin Figure3-(c)),canbeidenti®edrapidly
usinga differentmechanism.While building aninterpolantfor " , if a light is occluded
by anopaqueobject � , that tunnelsectionof theinterpolantcanonly beaffectedwhen

� moves.Therefore,wemaintainaseparatelist of interpolantsfor occluders;when � is
edited,its list of interpolantsis markedfor invalidation.

5.2 Inter polant Invalidation

Thealgorithmto identify affectedinterpolantsis conservative: it might �ag interpolants
for updateevenif they arenot affectedby anobjectedit, becauseshaftculling against
theeditedobject's boundingbox is conservative. Therefore,we performanadditional
checkon theposition-independentcomponentof theinterpolant'sray treeto determine
if theinterpolantis affectedby theedit. For example,when " 's color is edited,theedit
affectsan interpolant

�

if either
�

is " 's interpolant,or
�

dependson " indirectly, for
examplethroughre�ections. For a geometrychange,suchasthedeletionof anobject

" , an interpolant
�

shouldbe invalidatedif
�

is " 's interpolant,or " appearsin theray
treeof

�

, for example,asanoccluderor a re�ection. Note that,asin [3], we treatan
objectmovementasadeletionfrom its old positionandaninsertionto its new position.

Whenaninterpolantis invalidated,thememoryallocatedto thecorrespondingob-
ject's linetreenodeis automaticallygarbagecollectedandthenodeitself is markedfor
deletion.If recursively, all thatlinetreenode'ssiblingsarealsoinvalid, theirspaceis re-
claimed,andtherefore,theparentis reclaimed.For example,consideranobject "

� that
blocksthelight to anotherobject "

	 , causing"

	 's linetreesto besubdividedaround"
� 's

shadow. When "
� is deleted,"

	 's interpolantsarecompacted,so that no unnecessary
subdivisionof "

	 's linetreestakesplacearoundtheshadow thatno longerexists.
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To supportrapidediting for attributechanges,interpolantscouldbe augmentedto
includeextra informationsuchasthesurfacenormalandpointof intersection,for each
of the sixteenextremal rays. Using this extra information, the interpolantscould be
updatedby computingthedifferencein radiancedueto thechangein " 'smaterialprop-
erties. However, this extra position-dependentinformationincreasesthe memoryre-
quirementsof interpolants.Therefore,we invalidateinterpolantsfor bothattributeand
geometrychangesandlazily recomputethemasneeded.

6 PerformanceResults

We have extendedour acceleratedinterpolantray tracer to maintainand useRSTs
for sceneediting. The interpolantray tracer, and the baseray tracerit is compared
with, bothimplementclassicalWhittedray tracing[13] with texturesandusetheWard
isotropiclocal shadingmodel[12]. The systemcanhandleconvex primitivessuchas
cubes,spheres,cylinders,cones,disksandpolygons,andCSGunionandintersection
operationson theseprimitives. The baseray tracercontainsseveral standardperfor-
manceoptimizations(see[2] for details).

Ourtiming resultswereobtainedfor themuseumsceneshown in PlateB. Thescene
hasmore than1100primitives(a tesselationof theseprimitivesrequiresabout500k
polygons).All timing resultsarereportedfor framesrenderedat 1200� 900resolution
on a single250MHz processorof an SGI In®nite Reality. We reportresultsfor three
edits(shown in PlateB): thetopof thesculptureis deleted(Edit-(a)),thebottomof the
sculptureis deleted(Edit-(b)),agreencubeis movedin on theright (Edit-(c)). Camera
translationsandrotationscorrespondto smalladjustmentsof theviewpoint; a forward
translationis by 0.2 feet (the roomsizeis 45 � 30 sq. ft.), while a rotationis by ������� .
Whentheuserchangestheviewpoint,new interpolantsarebuilt asrequired.

PlateB shows the impactof editson interpolants. On the left, renderedimages
areshown, andon the right areerror-codedimagesshowing the regionsof interpola-
tion failureandsuccess.Greenandyellow pixelsarenot interpolateddueto radiance
discontinuitiessuchasshadow edgesandobjectsilhouettes.Magentapixels arenot
interpolatedbecauseof adaptive error-drivensubdivision. Pixels thataresuccessfully
interpolatedareshown in dark blue. The red pixelsshow the interpolantsthatarein-
validatedandrebuilt whenthesceneis edited. For example,after Edit-(a), the top of
thesculptureandtheshadow behindit areupdated;thenew interpolantslazily built to
cover thosepixelsareshown in red.After Edit-(b), theinterpolantsassociatedwith the
bottomof thesculptureandits re�ection in themirror arefoundandinvalidated.

In Table1, wepresentresultsfor timeandmemoryusagefor sceneedits.A change
to theviewpoint is considereda sceneedit, exceptthatno interpolantsareinvalidated
by theviewpoint change.This is becauseinterpolantsdo not explicitly dependon the
currentviewpoint. For eachof theedits,traversingtheRSTsandinvalidatingthecor-
respondinglinetreesis extremelyfast,on theorderof a tenthof a second. Depending
on thetypeof edit,andits impacton interpolants,updatinginterpolantslazily while re-
renderingaframetakes26to 28seconds.Of this time,building new interpolantslazily,
shown in red in theplate,takes1 to 3 seconds.Similar resultsareobtainedwhenthe
object'sattributes(e.g.,color) arechanged.As thecamerapositionis changed,frames
arerenderedin 26 to 31 seconds,dependingon thecameramovement;thegreaterthe
reuseof interpolantsfrom thepreviousframe,theshortertherenderingtime.

The memoryrequirementsof this systemaremodest:eachedit requiresan addi-
tional 0.6 to 1 MB of memory. Cameramovementstypically require0.7 to 2.1MB of
memory, dependingon the typeandextentof themovement.Additionally, in [2], we
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Edit Baseray tracer Inter polant ray tracer with RSTs
Time (in secs) Memory

TraverseRSTsand Update (in MB)
Invalidatelinetrees andRe-render

Edit-(a) 109.0 0.11 25.6 0.7M
Edit-(b) 108.6 0.10 28.2 1.0M
Edit-(c) 109.2 0.09 27.4 0.6M
Pancamera 108.2 Ð 26.9 0.7M
Stepforward 108.5 Ð 31.2 2.1M

Table1. Time andmemoryusagefor editsandcameramovements.

Ray Tracer System Time (in secs) Memory (in MB)
Base 109.0 Ð
Interpolant 79.5 18.0M
Interpolantwith RSTs 80.4 23.5M

Table 2. Time andmemoryusagefor ray tracerssupportinginterpolantsandRSTs.

haveimplementeda least-recentlyused(LRU) memory-managementtechniqueto limit
memoryusedfor interpolantsto a user-speci®edmaximum.This techniqueimposesa
performancepenaltyof only 1%whenmemoryusageis restrictedto 40MBs.ThisLRU
systemcanbeeasilyextendedto limit thememoryusedfor RSTs.

Table2 showssystemperformancewhenrenderingthe®rst frame.Unlikein [3], the
raytracerusinginterpolantsis 25%fasterthanthebaseraytracerevenonthe�r stframe:
interpolantsexploit thespatialcoherencewithin a frame.Notethatour algorithmis an
on-line algorithm;no pre-processingis neededto build eitherlinetreesor RSTs. The
overheadof creatingRSTsis small: lessthan1 second.For the®rst frame,interpolants
require18 MBs of memory, while RSTsrequirean additional5.5 MBs. Subsequent
framesrequiremuchlessmemory, asshown in Table1.

7 Conclusionsand Future Work

We have presentedan incrementalray tracerfor scenemanipulationthat permitsthe
userto editthesceneandthecurrentviewpoint. Thesystemmaintainsraysegmenttrees
to trackthedependenciesof interpolantson regionsof world space.Whenthesceneis
edited,theRSTsarerapidly traversed,in roughlya tenthof a second,to identify and
invalidatethe interpolantsaffectedby theedit. The interpolantsarerebuilt asneeded.
For full-screenimages,the sceneis re-renderedwith 3 to 4 � speedupover the base
ray tracer. For small adjustmentsto theviewpoint, incrementalrenderingis effective.
For largechangesin thecamerapositionandevenfor the®rst frame,thesystemis still
fasterthanthebaseray tracer.

We believe this is a promisingapproachto supportsceneediting in ray tracers.
Thereareseveralextensionsthatwill improvethesystem.Tosupportfasterre-rendering
whenthe sceneis editedwithout changingthe viewpoint, we could addscreen-space
accelerationstructuressimilar to thosedescribedby Bri �ereandPoulin[3]. Sinceinter-
polantssucceedfor a largenumberof pixels (e.g.,90% for themuseumscene),these
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accelerationstructureswill only bemaintainedfor thesmall fractionof thepixelsthat
fail interpolation. Therefore,we expectthat they will signi®cantlyacceleraterender-
ing whenthecamerais not moved,while having modestmemoryrequirements.These
screen-spacestructurescanbeinvalidatedwhenthecameramoves,andre-built asnec-
essary. With thisoptimization,weexpectthatbothattributeandgeometrychangeswill
requirelessthan3-5secondsfor ®xedviewpoints.

Oneconstraintof theinterpolantraytraceris thatit canonly guaranteeerrorbounds
for convex primitives. Interpolantsarenot built for non-convex or transparentprimi-
tives;therefore,renderingof theseprimitivesis not accelerated.For sceneediting,the
screen-spacestructuresdiscussedabove couldstill beusedto rapidly updatetheseob-
jects.However, wewouldliketo acceleratetherenderingof non-convex andtransparent
objectswhentheviewpoint changesaswell. In [2], we discusshow to extendtheer-
ror predicateto supportnon-convex objectsby usinglinearinterval arithmetic.We are
currentlyextendingour systemto supportparametricpatchesandtransparentobjects.
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A Appendix

In this appendix,we characterizetheregion of line spaceaffectedby anobjectedit. In
2D, the region of line spaceaffectedby anobjectedit is a hyperbola.We thenextend
this resultto anobjectedit in 3D Ð theregionof 4D line spaceaffectedby theeditcan
becharacterizedby a fourth-orderequation.

A.1 In 2D

Considera sceneand its four global segmentpairs. In Figure2-(a), oneof the four
segmentpairs (the pair of thick horizontal lines), with ���

! as principal direction, is
shown ontheleft. Whenanobjecto is edited,everyraythatpassesthrougho is affected
by theedit. We prove that the region of line space(shown asa squareon the right of
the®gure)affectedby updatesto " is ahyperbolain 2D.

A ray R is speci®edby its intercepts� �����	� on its associatedsegmentpair. Without
lossof generality, R � � ��� ����� � . If R is arayontheboundaryof theregionof line space
affectedby theedit, it satis®estwo additionalconstraints:R intersectsthe circle " at
somepointP � � � ��� � , andR is tangentialto thecircleatP. Wehavethreeconstraints:
P liesonR, R is perpendicularto thenormalat P, P lieson thecircle.

� � ��� � � � �����
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Eliminating � , � and � :

� ����� �%������� �
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���
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� ��
 (1)

Equation1 is a secondorderequationin a andc; thediscriminantof theequation
satis®estheconditionof ahyperbola[10]. Thus,whenacircle " is edited,theregionof
2D line spaceaffectedby theedit is ahyperbolaÐ i.e.,theraysin theshadedregionon
theright in Figure2-(a)areaffectedby theedit. Theparametersof thehyperbolacan
bederivedfrom o's locationandradius.

A.2 In 4D

A similar derivation identi®esthe region of 4D line spaceaffectedby an edit to a 3D
sphereo. Eachray R associatedwith thefacepair with principaldirection ���

! is spec-
i®ed as � ��� ������� � ��� � . Theregion of 4D spaceaffectedby anedit to a 3D sphereis
characterizedby thefollowing equation:
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While the®rst two linesof theequationareexactly the4D generalizationof a 2D
hyperbola,thethird line introducesfourth-ordercrossterms.Thus,whena 3D sphere

" is edited,theregion of 4D line spaceaffectedby theedit is not a hyperboloid,but it
is speci®edby a fourth-orderequation.Everyray insidethesurfacerepresentedby this
equationcouldpotentiallybeaffectedby theobjectedit.
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Plate A: Tunnels and Interpolant Dependencies

Figure 3: Museum Scene,
Interpolant dependencies.
   Interpolants that depend on the 
     reflective mirror.

Figure 1: 3 spheres. On the right, one interpolant for the red sphere is shown.
The interpolant has: a reflection tunnel to the ground, and a direct tunnel to the light. 

Figure 2: Scene Edit. The green sphere is replaced by the yellow cube. On the 
right, a color-coded image shows the impact of the edit. Blue-gray pixels are 
interpolated. Green, yellow and magenta pixels fail due to the error predicate.
 Interpolants are only invalidated and rebuilt for the dark red pixels.
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Plate B: Scene Edits for Museum Scene

Museum Scene Top to Bottom: 
    Edit-(a) - delete top of sculpture
    Edit-(b) - delete bottom of sculpture
    Edit-(c) - add green bench
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