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Abstract. This papemresentsa ray tracerthatfacilitatesnearinteractve scene
editing with incrementalrendering;the usercan edit the sceneboth by manip-
ulating objectsand by changingthe viewpoint. Our systemusesobject-space
radianceinterpolantgo accelerateay tracingby approximatingadiance while
boundingerror  We introducea new hierarchicaldatastructure,the ray seay-
menttree (RST), which tracksthe dependenciesf radianceinterpolantson re-
gionsof world space Whenthe scends edited,affectedinterpolantsarerapidly
identi ed— typically in 0.1 seconds—byraversingtheseray segmenttrees.The
affectedinterpolantsare updatedandusedto re-rendetthe scenewith a3 to 4
speedupver the baseray tracer evenwhenthe viewpointis changed Although
the systemdoesno pre-processingperformances betterthanfor the baseray
tracerevenonthe rst renderedrame.
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1 Intr oduction

Raytracingis apopulartechniqudor producinghigh-qualityimagery Raytracersyp-
ically supportspecularanddiffusere ectancefunctions,andgeneralgeometricprimi-
tives,producinghigh quality view-dependenimages.However, this quality is achieved
by compromisingnteractvity; raytracingis notcommonlyusedin interactve applica-
tionssuchaseditingandviewing becausef the high costof computingeachframe.

In recentyears,strideshave beenmadein facilitating interactve scenemanipula-
tion with ray tracing. Several researcherhave developedray tracerssupportingscene
editingthatincrementallyrendemartsof the scenethatmight be affectedby a change.
Cook's shaddrees[4] maintaina symbolicevaluationof the local illumination ateach
pixel of a frame. Whenan object's materialpropertiesarechangedif the shadetrees
remainthe same they arere-evaluatedwith the new materialproperties. Sequinand
Smyrl [9] extendtheseshadetreesto includere ections andrefractions. Their trees
representhe entireradiancecontribution by the sceneat eachpixel. In their system,
changedo anobject's materialpropertiege.g.,color, speculacoef®cient) aretheonly
userspeci®ededits permitted. Murakamiand Hirota [8] and Jevans[7] extendthese
techniquedo supportgeometrychangegqe.g., objectis moved) by associatingays
with thevoxelsthey traverse.A scenechangeaffectsvoxelsandtheir associatedays.

More recently BriereandPoulin[3] introduceda systenthatmaintainscolor trees
andray treesto separatelyaccelerataipdatesto objectattributesand geometry At-
tributechangesnvolve adjustmentso anobjectscolor, re ection coef®cientetc.,while
geometrychangesncludechangesuchasmoving anobject. Their systemre ects at-
tribute changesn aboutl-2 secondsandgeometrychangesn 10-110seconds.



All of theabovetechniquesrepixel-basedthatis, additionalinformationis main-
tainedfor eachpixel andusedto recomputeaadianceasthe usereditsthe scene.The
chief dravbackof thesesystemss thatthey are completelyview-dependentwhile a
usercanedit the scene he cannotadjustthe viewpoint. Also, for high resolutionim-
agesthememoryrequirementganbelarge.

Anotherrelatedareaof researchis the useof line or ray spaceo acceleratediting
andrenderingin globalillumination algorithms. Arvo andKirk [1] represenbundles
of raysas5D boundingvolumesthat are usedto accelerateay-objectintersections,
but do not accelerateshadingor editing. In the context of editing for radiosity appli-
cations,Dretakkisand Sillion [5] augmenthe link structureof hierarchicalradiosity
with additionalline-spacenformationto tracklinks affectedby theadditionor deletion
of objects. The hierarchicallink structure,andhencethe implicit line spacemakesit
possibleto identify affectedregionsrapidly whenan objectis edited. Their systemis
not pixel-basedtherefore a usercanchangethe viewpoint after an update.However,
their algorithmsapplyonly to radiositysystemdor sceneswith diffusematerials.

In previous work [2, 11] we presenteda systemto accelerataay tracing using
perobject4D radianceinterpolantsusedto approximateradiance while guarantee-
ing boundson error. A radiancenterpolantrecordsview-dependentadiancefor a set
of raysthatintersecianobject. The systenmusesanerrorpredicateo guarante¢hatthe
interpolantapproximatesadiancefor every ray coveredby thatsetof raysto within a
userspeci®ederror bound. For eachpixel, the system®ndsthe interpolantthat covers
thateye ray, andif it exists, usesit to interpolateradiance.Interpolantsarebuilt lazily
andadaptvely asneededandstoredin 4D treescalledlinetrees Whenthe viewpoint
changessomeinterpolantdrom the previousframearereused.Thus,our systemaccel-
erategay tracingwhile allowing the viewpointto move; however, objectsin thescene
cannotbhe modi®ed.

In this paper we presenta systemthat supportanteractve sceneditingwhile per
mitting changesin the viewpoint Our work draws on the work of Briereand Poulin,
DretakkisandSillion, andour previouswork on radiancenterpolantswhile providing
additionalfunctionality Our systembuilds radianceinterpolantsto accelerateender
ing by approximatingadiance Whenanobjectis updatedpnly a subsebf globalline
spaceis affected. We introducespace-eédcient hierarchical5D ray segmenttreesto
tracktheregionsof ray spacehataffect aninterpolant.Whenthe scends edited,trees
aretraversedto rapidly identify andinvalidatethe interpolantshatareaffectedby the
edit. Whenanew frameis renderedrom the sameor a differentviewpoint, interpolants
thatarestill valid arereusedo accelerateendering.

First,wereview 4D perobjectinterpolantsn Section2. In Section3, we shav how
to augmentinterpolantsto supportinteractive sceneediting, and describehow these
augmentednterpolantscan be usedwith global linetreesto track the regions of line
spaceaffectedby aninterpolant.In Sections4 and5, we addresghe limitations of the
4D globallinetreeshy using5D ray segmenttrees,andexplain how thesetreescanbe
usedto ®nd all interpolantsthat might be affectedby a sceneedit. Finally, we present
resultsin Section6, andconcludewith a discussiorof futurework in Section?.

2 Radiancelnter polants

In this sectionwe review how 4D radiancanterpolantsareusedto accelerateay trac-
ing by exploiting spatialcoherenceboth objectand screen-spacegnd alsotemporal
coherence.The key ideaof this systemis to accelerateay tracing by approximating
radiancewhile guaranteeingrrorbounds Everyray intersectinganobjecthasanasso-



ciatedradiance Assumingthataray intersectsanobject,andthe objectis surrounded
by a transparentmedium, the ray can be parameterizedising four coordinates.The
spaceof all suchraysis thefour-dimensionakpaceof directedlines, calledline space
A radiancenterpolantrepresentshe radianceof anobjectover a region of line space;
theinterpolantis saidto cover thatregion of line space.Theregion of line spacecov-
eredby aninterpolantis a four-dimensionahypercubeandevery ray coveredby the
interpolantlies inside the hypercube. The interpolantrecordsa radiancesamplefor
eachof the sixteenverticesof the hypercube. The radianceassociatedvith ary ray
coveredby the interpolantis thenapproximatedy quadrilinearlyinterpolatingthese
radiancesamplesWhenradiancds coherentradiancanterpolantsareanef®cientway
to computeandrepresentheradianceof ascene.
Radiancenterpolantshave two importantpropertiedor interactve sceneediting:

Interpolantsdo not dependon the viewpoint; therefore,the viewpoint can be
changedreely withoutinvalidatingthem. As long asraysfrom the currentview-

point arecoveredby aninterpolanttheinterpolantcanbereused.

An updateto theradiancesamplesstoredin aninterpolanteffectively updatesa-
diancefor all rayscoveredby thatinterpolant.Thus,interpolantsareanef®cient
way to structurethe updateof radianceinformationwhena scends edited.

2.1 Ray parameterization

/""
c, )h /
(a,b
R _
, ~N
h+2w ~~
1
‘ "la ‘ /C
Fig. 1. Ray parameterizatiom 3D. Theray is parameterizethy , its interceptswith

thefront andbackfacesof theexpandedacepair.

Every ray intersectingan objectis parameterizedby four coordinates

which arethe interceptsthatit makeswith two paraIIeIfacessurroundmgthatobject
(seeFigurel). To completelycoverthe spaceof raysthatintersectthe object,six pairs
of parallelfacesare considered.Eachfacepair is de®nedby two parallelfacesanda
principaldirectionthatis perpendiculato thefaces.The principal directionsof the six
facepairsare and . Everyrayintersecting is uniquelyassociatedvith the
facepairwhoseprincipaldirectionis closesto theray's direction;thatis, the principal
directionontowhichtheray hasthe maximumpositive projection.To ensurehatevery
rayassociatewith afacepairintersectbothparallelfacesthefacesaresizedasshavn
in Figurel. Oncethefacepair associateavith aray is identi®ed,theray s intersected
with its front andbackfacesto computeits and coordinatesespectiely.



2.2 4D Radiancelnter polants

Whenrenderinga pixel, the systemmustbe ableto ®nd an interpolant(if ary) that
coversthe eye ray correspondingo thatpixel. To acceleraténterpolantiookup, inter-
polantsarestoredin linetreesthatarethe 4D analogue®f octrees.Thereis alinetree
associatedvith eachfacepair of anobject. For every eye ray, oncethe objectit inter-
sectds known, aninterpolantis foundby walking recursvely down from theroot of the
linetreeof the appropriatdacepair. Theradiancefor the eye ray is thenquadrilinearly
interpolatedusingtheradiancesamplesn theinterpolant.

Interpolationerror arisesfrom discontinuitiesand non-linearitiesin the radiance
function. An error predicateis testedo automaticallydetectboththeseconditions.An
interpolantis notconstructedf theerrorpredicatendicatesconsenratively thatits inter-
polationerrorwould exceeda userspeci®edbound. The error predicateusesinforma-
tion aboutray trees[3] to identify theregionsof line spacethathave smoothlyvarying
radiancethatis approximatedwvell by quadrilinearinterpolation. The error predicate
ensureshatlinetreesaresubdvidedadaptvely; interpolantscoverlargeregionsof line
spacewhereradiancevariessmoothly andconversely whereradiancechangesapidly,
interpolantscover small regionsof line space.Thus,adaptve subdvision of linetrees
preventserroneousnterpolationwhile allowing reusewhen possible. Currently the
errorpredicateonly supportscorvex objects,asdiscussednh Section?.

Visibility determinatiorat pixelsis anotheimportantfunctionof theraytracerand
is neededn orderto ®nd the correctinterpolantfor aneye ray. We usea consenrative
algorithmfor reprojectionof linetreecellsto acceleratevisibility determination.This
algorithmexploitsthetemporaframe-to-framecoherencén theusersviewpoint, while
guaranteeinghatthe correctvisible surfaceis detectedor eachpixel. A fastscan-line
algorithmacceleratesenderingusingthereprojectedinetrees.See[2] for details.

Thisalgorithmhastheimportantpropertythatit is entirelyon-line;nopre-processing
is necessaryo constructradianceinterpolants. Radianceinterpolantsare generated
lazily and adaptiely asthe sceneis renderedrom variousviewpoints. This on-line
propertyis usefulfor interactive applications.

3 Interpolants and SceneEditing

In this section,we describehow to identify interpolantshat are affectedby an object
edit. First, we presenta global four-dimensionalparameterizatiof raysand shov

thatthe region of line spaceaffectedby an objecteditis a subsef globalline space.
We thendescribehow a hierarchicalgloballinetreecanbe usedto rapidly identify and
invalidatetheinterpolantsaffectedby anobjectedit.

3.1 Global Line SpaceParameterization

Globalline spaceis the spaceof all directedlinesthatintersectthe scene.In the pre-
vioussectionwe presentec four dimensionaparameterizatioof raysintersectingan
object. We usea similar parameterizatioffior raysintersectingthe scene gxceptthat
thefacepairs(asshovnin Figurel) surroundhesceneand is thesizeof the
boundingbox of the entirescene As explainedin Section2, every ray intersectinghe
scends associatedvith afacepair, andtheray is parameterizethy thefour intercepts
it makeswith the two parallelfacesof the facepair. Note that perobjectline space
coordinatesanbe easilytransformednto globalline spacecoordinates.

For simplicity, we explainideasin 2D in this paper;the extensionof theseideasto



3D is straightforvard. Each2D ray is representefly two intercepts thatit makes
with a pair of parallel2D line segments;this representatiors a 2D analogueof the
ray parameterizatiom Section2.1. For example,in Figure2-(a),the horizontallines
surroundingthe circle represent 2D facepair for global line space Four suchface
pairsareneededo representll theraysthatintersecthe scene.

3.2 Line Spaceaffectedby an Object Edit

A basicintuition is thatinterpolantscanbe updatedef®ciently to re ect an objectedit
becaus@nobjectedit affectsa contiguoussubsenf line spaceasshavn in Figures2-

(a) and(b). Ontheleft in Figure2-(a),acircle C in world spacea ray thatintersects
C, andits associatedlacepair areshavn. On theright is a Cartesiarrepresentationf

2D line space.Every directedline in world spaceis a pointin line space.The setof

raysthatintersectghe circle in world spacecorrespondso the interior of a hyperbola
in line spaceasshavn ontheright in Figure2-(a) (SeeAppendixA for details).When

thecircle is edited,the radianceof every ray in the shadedegion of line spacecould

beaffected.Thereforegveryinterpolanthatincludesarayin theshadedegionshould
be updated. If all the rays coveredby an interpolantlie outsidethis hyperbolathe

interpolantis notaffectedandcanbereusedlin thenext sectionwe explain how to ®nd
therayscoveredby aninterpolant.
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Fig. 2. Whenthe circle or rectangleare edited,the shadedegion of line space(on the right of
thecorrespondinggures) is affected.

If insteadof a circle, a rectangleis edited(shawvn in Figure 2-(b)), an houmglass-
shapedegion (similar to a hyperbola)f line spaces affectedby the edit. Theimpor-
tant point is that the region of line spaceaffectedby an edit is a well-de®nedsubset
of line spacethatcanbeidenti®edef®ciently usinga hierarchicakreeto representine
spaceThisis truefor objecteditsin 3D world spacg4D line spacegaswell.

3.3 Interpolant Dependencies

Interpolantsare an ef®cient way to structurethe updateof radiancewhena sceneis
changedsincean updateto the radiancesamplesf theinterpolanteffectively updates
the radiancefor all rays coveredby the interpolant. In this section,we explain how
interpolantsareaffectedby sceneediting.

First we review the conceptof ray trees,which are importantfor understanding
interpolantdependenciesin a Whitted ray tracer[13], whenthe radiancefor aray is
computed,an associateday tree canbe built that recordsall the sourcesof radiance
that contrituted to the total radianceof theray [2, 3, 9]. Eachinternalnodein the



ray tree correspondso anintersectionof a ray with a surface,andthe leaf nodesare
lights. An arc of aray treerepresents ray sggmentfrom a surfaceto eitheranother
surfaceor a light. A ray tree node hasposition-independerdand position-dependent
information[3]. The position-independenhformationincludesthe objectintersected
by theray, a list of every light that contritutesto the radianceat that point, anda list
of every occluderthatblockssomelight. The position-dependerdomponenincludes
the point of intersectiorof the ray, the normalat thatpoint, texture coordinategif the
objectis textured),and pointersto there ected andrefractedray trees(if they exist).
Thesere ectedandrefractedray treesarecomputedecursvely. To consere memory
theposition-independenihformationin ray treesis sharedvhenpossibleg2, 3].

In our earlierwork [2], the error predicateusedthe sixteenradiancesamplesand
theirassociateday treesto determingf theinterpolantapproximatesadianceto within
a userspeci®ederror boundover theregion of line spacethatis covered by the inter-
polant. To detectradiancediscontinuitiesthe error predicataequiresthatthe position-
independentomponent®f the sixteenextremalray treesbe the same. Sincethe ob-
ject associatedvith the interpolantis corvex, every ray coveredby the interpolantis
boundedby the extremalrays,evenafteroneor morere ections. An additionalshaft-
cull [6] thenguaranteethat everyray coveredby the interpolantalsoshareghe same
position-independemnty treecomponent.

The sixteenextremalray treesdiffer only in their position-dependernbformation.
Considernesetof sixteencorrespondingrcsfrom theextremalray trees;eacharcis a
ray sggment.Thecorrespondingay segmentof everyinteriorrayliesin the3D volume
boundedby thesesixteenray sggments. Therefore whena sceneedit affectsthat 3D
volume of space the interpolantshouldbe invalidatedto guaranteecorrectness.We
representhis 3D volumeconsenratively asa shaft[6]. Thesetof all shaftsrepresented
by an interpolants ray treesis similar to the tunnelsusedby Briere and Poulin [3],
althoughin thatwork ray dependenciearecapturedonly for a®xedviewpoint. In Plate
A, sometunnelsassociatedavith interpolantsor thethree-sphersceneareshavn.
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Fig. 3. Raysthataffectaninterpolant:(a) Light rays,(b) Occluderrays,(c) Re ectedays.

Now we considerthedifferenttypesof ray-treearcsandthe 3D volumesthey cover.
Figure3 depictsthreesucharcs,correspondingo unoccludedight rays,occludedight
rays,andre ectedrays.In the®gure,theellipse is theobjectfor whichaninterpolant
| is built. The interpolantis associatedvith the facepair shavn astwo vertical line
segmentssurrounding . The dottedlinesshav the four extremalrays(in 2D) thatare
usedto build 1. The two horizontallines at the top andbottomof the sceneshow one
of the facepairsof globalline space.The volumethat affectseacharc (andtherefore
affectstheinterpolant)is shadedn each®gure.

In Figure 3-(a), the four extremalraysintersect , andtheir radianceis evaluated



by shootingraysto the light L which s visible to every ray coveredby |. Therefore|
depend®ntheshadedegion shavn in the®gure. In Figure3-(b), thelight raysfor the
interpolantareall occludedby the sameoccluder . If is opaque] dependnly on
theoccluder . If istransparentl depend®n the shadedegion shavn in the®gure.
In Figure3-(c), thevolumeof spacehataffectsthearcscorrespondingo re ectionsin
theinterpolantis shadedThus,theregionsof world spacehataffectaninterpolantcan
be determinedusingthe ray treesassociatedvith the extremalraysof the interpolant.
An interpolantcanbecomenvalid only if the sceneadit affectsoneof theseregions.

3.4 Finding Affected Inter polants using Global Linetr ees

Givenasceneadit, we wantto ef®ciently identify theinterpolantghatcouldbeaffected
by the edit. We now discusshow globalline spacecanbe usedto track the regionsof
3D spacethataffect aninterpolant. This is similar to the approachaken by Drettakis
andSillion [5] for radiositysystems.

Fig. 4. Globalline spaceor: (a)Light rays,(b) Re ectedays.

Whenthe sceneis edited,the edit affectsa 3D volume. An interpolantdependon
that3D volumeif arny tunnelassociateavith theinterpolantintersectghatvolume.We
would lik e to rapidly identify all suchtunnels.Eachof thetunnelsectionss contained
in someregion of global line space. This region canbe characterized¢onseratively
by extendingthe sixteenextremalraysthatde®nethetunnelsectionuntil they intersect
the appropriateglobal facepair. For example,Figures4-(a) and(b) shav this compu-
tationin 2D. In Figure 4-(a), the four extremalraysfrom the object to the light
areextendedto intersecta globalfacepair (shovn ashorizontallines surroundinghe
scene).The and rangesof theseintersectionsare computed. The corresponding
rectangularegionin line space, , is aconsenative characterizatioof
thevolumethataffectstheinterpolant.In the ®gure, this region of line spaces shovn
in mediumgray. Similarly, in Figure4-(b), the extremalre ected raysareintersected
with the global facepair andthe mediumgray region shavs the correspondingegion
of line spaceThischaracterizatiors conserativebecausé coversalarger3D volume
thanits tunnelsection.In the next sectionthis characterizatiois mademoreprecise.

In 4D, eachtunnelsectionof aninterpolantis conseratively representedby 8 co-
ordinates b thatde®nea 4D boundingboxin line space.
Thetunnelsectionsaffectedby anobjectedit canberapidly identi®edin thefollowing
manner:a linetreeis constructedor eachfacepair of globalline space.Eachnodeof
thelinetreecorrespond$o a 4D boundingboxin line spaceA leafnodein thelinetree



containspointersto every interpolantthat dependson the region of line spacerepre-
sentedby the node.In otherwords,for every interpolantincludedin thelinetreenode,
the4D boundingbox of thelinetreenodeintersectshe 4D boundingbox that conser
vatively representst leastone of the interpolants tunnelsections. This hierarchical
linetreecanbe usedto rapidly identify theinterpolantsaffectedby anobjectedit.

4 Inter polants and Ray Segments

Theprevioussectiondescribed datastructurehatconseratively tracksthe regionsof
line spacethat affect an interpolant. However, this representatioiis too consenrative.
In this section,we introducea 5D parameterizationf raysto addresghis limitation,
anddescriberay sggmenttreesthatimprove onthelinetreesof the previoussection.

4.1 Limitations of Line Space

Fig. 5. (a) Line spacevs. Rayspace(b) usingthe extra distancedimension .

The main disadwantageof the 4D representationf linesis thatit is too consera-
tive. This problemis illustratedin Figure5-(a), which shavs aninterpolantfor . The
tunnelsectioncorrespondindo re ectedraysfrom is shovn in dark gray, while the
correspondingonserative line spacerepresentatiois shovn in light gray. Whenthe
circles and areedited,they intersecthe4D boundingbox representetly thetunnel
section.Therefore, 'sinterpolant,storedin someleaf of thegloballinetree,is agged
asa potentialcandidatefor invalidation. However, 's interpolantis only affectedby
changesn the dark gray region andthis invalidationis unnecessaryWe addresghis
problemby introducinganextra parameter for rays. Intuitively, this parameterepre-
sentsthe distancealongthe 4D lines. In Figure5-(b), thelight 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 are affectedby an edit, the systemmain-
tains six global ray sggmenttrees(RSTs). Each RST node storesten coordinates
to thatde®nea 5D boundingbox in ray segment
space.The dimensiorrepresentshedistancealongthe principaldirectionof theface
pair. The front faceof the facepairis at andthe backfaceis at . The
rootnodeof thetreespangheregionfrom to . WhenanRST



nodeis subdvided, eachof its ®ve axesis subdvided simultaneously Eachof the 32
childrenof the RST nodecoverstheregion of 5D ray spacehatincludesall raysfrom
its front faceto its backface. While this branchingfactormay seemhigh, the treeis
sparsekeepingmemoryrequirementsnodest.
Figure 6 shavs RST nodesfor 2D rays. The parentnode from to
is shavn onthetop left, and - - ray segmentspace(athreedimensional
unit cube)is shavn on the top right. The parentrepresentsll rays enteringits front
faceandleaving its backface. Whenthe parentis subdvided, the raysrepresentethy
its eightchildrenareasshavn. Children0 through3 correspondo the ray segments
thatstartatthe front faceat andendatthe middlefaceat ——. Similarly,
children4 through7 startat the middle faceandend at . Whenthe parentis
subdvided,truncatedsggmentsof the parents rays(shovn in blackin the®gure)lie in

differentchildren.
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Fig. 6. Subdvision of Ray SegmentTrees.

4.3 Inserting interpolantsin the RSTs

RSTsarepopulatedwith interpolantsy arecursve insertionalgorithmthatstartsfrom
the root RST node. For eachtunnelsectionof the interpolant,its sixteenextremal
rays are intersectedwith the currentRST nodeto computea 5D boundingbox that
includesthe tunnelsection.If this boundingbox intersectsa leaf RST node,a pointer
to theinterpolantis insertedn the node.For anon-leafnode the algorithmrecursvely
insertsthe interpolantinto the childrenof the RST nodethatintersectts 5D bounding
box. As describedn Section3, theleafnodein anRST storesalist of pointersto every
interpolanthatdepend®n theregion of ray sgmentspacecoveredby thatnodeanda
list of the 5D boundingboxesof theinterpolants correspondingunnelsection.

5 Using Ray SegmentTrees

In this sectionwe describenow interpolantsaffectedby anobjecteditarerapidlyiden-
ti®ed andinvalidatedusingRSTs.BriereandPoulin[3] describewo maincategoriesof
objectedits: attribute changegincluding changego an object's color, specularor dif-



fuse coefdcient), andgeometrychangegincluding insertionor deletionof an object).
In their work, attributeandgeometrychangesrehandledusingdifferentmechanisms,
sinceattribute changeganbedealtwith rapidly, while geometrychangesequiremore

time. In our work, RSTspermitrapid identi®cationof affectedinterpolantstherefore,
we usethe samemechanisno identify affectedinterpolantsfor bothtypesof changes.

5.1 Identifying Affected Inter polants

When an objectis edited,we use 3D shafts[6] to identify every region of ray sey-
mentspaceandthereforeevery associatedéhterpolantthatis affectedby the edit. The
identi®cationalgorithmis recursve andstartsat eachof the six root RST nodeswith a
world-spaceaegion (theobject's boundingbox) thatis affectedby anobjectedit. For
eachRSTnodevisitedrecursvely, a shaftis built enclosinghe 3D volumebetweerthe
front andbackfaceof thenode.The shaftconsistof six planes:four planesfrom each
edgeof thenodes front faceto the correspondingdgeof its backface,andtwo planes
thatcorrespondo its front andbackfaces.If the shaftintersects , the childrenof the
RSTnodearerecursvely testedfor intersectiorwith . Whentheshaftof aRSTnode
doesnot intersect , thedescendantsf thatnodearenotvisited. If the RSTnodeis a
leaf, it hasa list of pointersto interpolantghat dependon the 3D volumerepresented
by the node’s shaft,andthe 5D boundingboxesof their correspondingunnelsections.
A 3D shaftis constructedor eachsuchtunnelsection. If that shaftintersects , the
interpolantis agged asa candidatefor update.Our approachis similar to the shafts
presentedby Drettakisand Sillion [5], thoughthey implicitly usethe radiosity link
structureto constructshafts.In [3], shaftsareconstructedor pixel-basedays. PlateA
shavstheinterpolantghatdependonthere ective mirror for themuseunsceneshovn
in PlateB.

Oneclassof affectedinterpolant{depictedn Figure3-(c)),canbeidenti®edrapidly
usingadifferentmechanismWhile building aninterpolantfor , if alight is occluded
by anopaqueobject , thattunnelsectionof the interpolantcanonly be affectedwhen

moves. Thereforewe maintaina separatdist of interpolantgor occluderswhen is
edited,its list of interpolantss markedfor invalidation.

5.2 Interpolant Invalidation

Thealgorithmto identify affectedinterpolantss conserative: it might ag interpolants
for updateevenif they arenot affectedby anobjectedit, becauseshaftculling against
the editedobject’s boundingbox is conserative. Therefore we performan additional
checkonthe position-independeromponenbf theinterpolantsray treeto determine
if theinterpolantis affectedby the edit. For example,when 's coloris edited,the edit
affectsaninterpolant if either is 'sinterpolantor dependsn indirectly, for
examplethroughre ections. For a geometrychange suchasthe deletionof an object
, aninterpolant shouldbeinvalidatedif is 'sinterpolant,or appearsn theray
treeof , for example,asanoccluderor a re ection. Notethat,asin [3], we treatan
objectmovementasadeletionfrom its old positionandaninsertionto its new position.
Whenaninterpolantis invalidated the memoryallocatedto the correspondingb-
ject'slinetreenodeis automaticallygarbagecollectedandthe nodeitself is markedfor
deletion.If recursvely, all thatlinetreenodessiblingsarealsoinvalid, their spacds re-
claimed,andthereforethe parentis reclaimed.For example consideranobject that
blocksthelight to anothembject , causing 'slinetreego besubdvidedaround 's
shadav. When is deleted, 'sinterpolantsarecompactedsothatno unnecessary
subdvisionof 'slinetreestakesplacearoundthe shadev thatnolongerexists.

10



To supportrapid editing for attribute changesinterpolantscould be augmentedo
includeextrainformationsuchasthe surfacenormalandpoint of intersectionfor each
of the sixteenextremal rays. Using this extra information, the interpolantscould be
updatedy computingthedifferencen radiancedueto thechangdan ‘s materialprop-
erties. However, this extra position-dependerihformationincreaseshe memoryre-
quirementsf interpolants.Thereforewe invalidateinterpolantdor both attribute and
geometrychangesndlazily recomputehemasneeded.

6 PerformanceResults

We have extendedour acceleratednterpolantray tracerto maintainand use RSTs
for sceneediting. The interpolantray tracer andthe baseray tracerit is compared
with, bothimplementclassicaMWhittedray tracing[13] with texturesandusethe Ward
isotropiclocal shadingmodel[12]. The systemcanhandlecorvex primitivessuchas
cubes spheresgylinders,cones disksand polygons,and CSGunion andintersection
operationson theseprimitives. The baseray tracercontainsseveral standardoerfor
manceoptimizationg(see[2] for details).

Ourtiming resultswereobtainedor themuseunsceneshavnin PlateB. Thescene
hasmore than 1100 primitives (a tesselatiorof theseprimitives requiresabout500k
polygons).All timing resultsarereportedfor framesrenderecat 1200 900resolution
on a single 250MHz processonf an SGI In®nite Reality We reportresultsfor three
edits(shavn in PlateB): thetop of the sculptureis deleted Edit-(a)),the bottomof the
sculptures deleted Edit-(b)), a greencubeis movedin ontheright (Edit-(c)). Camera
translationsandrotationscorrespondo smalladjustment®f the viewpoint; a forward
translationis by 0.2 feet (theroomsizeis 45 30sq. ft.), while arotationis by
Whentheuserchangeshe viewpoint, new interpolantsarebuilt asrequired.

Plate B shaws the impactof editson interpolants. On the left, renderedmages
areshown, andon the right are errorcodedimagesshowing the regionsof interpola-
tion failure andsuccessGreenandyellow pixels arenotinterpolateddueto radiance
discontinuitiessuchas shadev edgesand object silhouettes. Magentapixels are not
interpolatedbecausef adaptve errordrivensubdvision. Pixelsthatare successfully
interpolatedare shavn in dark blue. The red pixels shav the interpolantshatarein-
validatedandreluilt whenthe sceneis edited. For example,after Edit-(a), the top of
the sculptureandthe shadev behindit areupdatedthe new interpolantdazily built to
coverthosepixelsareshavn in red. After Edit-(b), theinterpolantsaassociatedavith the
bottomof the sculptureandits re ection in themirror arefoundandinvalidated.

In Tablel, we presentesultsfor time andmemoryusagdor sceneadits. A change
to the viewpointis consideredh sceneedit, exceptthat no interpolantsareinvalidated
by the viewpoint change.This is becausénterpolantsdo not explicitly dependon the
currentviewpoint. For eachof the edits, traversingthe RSTsandinvalidatingthe cor-
respondindinetreesis extremelyfast,on the orderof a tenthof a second Depending
onthetypeof edit,andits impacton interpolantsupdatinginterpolantdazily while re-
renderingaframetakes26 to 28 secondsOf thistime, building new interpolantdazily,
shavn in redin the plate,takes 1 to 3 seconds.Similar resultsare obtainedwhenthe
objectsattributes(e.g.,color) arechanged As the camergoositionis changedframes
arerenderedn 26 to 31 secondsdependingon the cameramovement;the greaterthe
reuseof interpolantsrom the previousframe,the shortertherenderingtime.

The memoryrequirement®f this systemare modest: eachedit requiresan addi-
tional 0.6to 1 MB of memory Cameramovementgypically require0.7to 2.1 MB of
memory dependingon the type and extent of the movement. 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 b 26.9 0.7M

Stepforward 108.5 b 31.2 2.1M

Table 1. Time andmemoryusageor editsandcameranovements.

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

Table 2. Time andmemoryusageor ray tracerssupportingnterpolantsandRSTs.

haveimplemented least-recentlyised(LRU) memory-managemetdchniqueo limit
memoryusedfor interpolantgo a userspeci®edmaximum. This techniquamposesa
performanceenaltyof only 1% whenmemoryusagés restrictedo 40MBs. This LRU
systemcanbeeasilyextendedo limit thememoryusedfor RSTs.

Table2 shavs systermperformancevhenrenderinghe®rstframe. Unlikein [3], the
raytracerusinginterpolantss 25%fastethanthebaseraytracerevenonthe r stframe
interpolantsexploit the spatialcoherencevithin a frame. Notethatour algorithmis an
on-line algorithm; no pre-processings neededo build eitherlinetreesor RSTs. The
overheadf creatingRSTsis small: lessthan1 second For the®rst frame,interpolants
require18 MBs of memory while RSTsrequirean additional5.5 MBs. Subsequent
framesrequiremuchlessmemory asshovnin Tablel.

7 Conclusionsand Future Work

We have presentedan incrementalray tracerfor scenemanipulationthat permitsthe
userto editthesceneandthecurrentviewpoint. Thesystemmaintaingay sgmenttrees
to trackthe dependenciesf interpolantson regionsof world space Whenthe scenes
edited,the RSTsarerapidly traversed,in roughly a tenthof a secondto identify and
invalidatethe interpolantsaffectedby the edit. The interpolantsarerehuilt asneeded.
For full-screenimages,the sceneis re-renderedvith 3to 4 speedupover the base
ray tracer For small adjustmentgo the viewpoint, incrementakenderingis effective.
For largechangesn the camergpositionandevenfor the ®rst frame,the systemis still
fasterthanthebaseray tracer

We believe this is a promisingapproachto supportsceneediting in ray tracers.
Thereareseveralextensionghatwill improvethesystem.To supportfastere-rendering
whenthe sceneis editedwithout changingthe viewpoint, we could add screen-space
acceleratiorstructuressimilar to thosedescribedy BriereandPoulin[3]. Sinceinter-
polantssucceedor a large numberof pixels (e.g.,90% for the museumscene)these
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acceleratiorstructureswill only be maintainedfor the smallfraction of the pixelsthat
fail interpolation. Therefore we expectthatthey will signi®cantlyaccelerateender
ing whenthe cameras not moved, while having modestmemoryrequirementsThese
screen-spacstructuregsanbeinvalidatedwhenthe cameramoves,andre-tuilt asnec-
essaryWith this optimization,we expectthatbothattributeandgeometrychangewill
requirelessthan3-5 secondgor ®xedviewpoints.

Oneconstrainof theinterpolantray traceris thatit canonly guarante@rrorbounds
for corvex primitives. Interpolantsare not built for non-corvex or transparenprimi-
tives;therefore renderingof theseprimitivesis not acceleratedFor sceneediting, the
screen-spacstructuregiscussedbove couldstill be usedto rapidly updatetheseob-
jects.However, wewouldliketo acceleratéherenderingof non-corvex andtransparent
objectswhenthe viewpoint changesaswell. In [2], we discusshow to extendthe er-
ror predicatelo supportnon-corvex objectsby usinglinearinterval arithmetic.We are
currentlyextendingour systento supportparametrigpatchesindtransparentbjects.
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A Appendix

In this appendixwe characterizéhe region of line spaceaffectedby anobjectedit. In

2D, theregion of line spaceaffectedby an objecteditis a hyperbola.We thenextend
thisresultto anobjecteditin 3D b theregion of 4D line spaceaffectedby theeditcan

be characterizethy afourth-orderequation.

Al In2D

Considera sceneandits four global segmentpairs. In Figure 2-(a), one of the four
seggmentpairs (the pair of thick horizontallines), with as principal direction, is
shavn ontheleft. Whenanobjectois edited,everyraythatpasseshrougho is affected
by the edit. We prove thatthe region of line space(shavn asa squareon theright of
the®gure)affectedby updatedo is ahyperbolan 2D.

A ray R is speci®edy its intercepts onits associatedgegmentpair. Without

lossof generalityR . If Risarayontheboundaryof theregionof line space
affectedby the edit, it satis®egwo additionalconstraints:R intersectghe circle at
somepointP , andR is tangentiato thecircle at P. We have threeconstraints:

P liesonR, R is perpendiculato thenormalat P, P lies onthecircle.

- R N

Eliminating , and

— 1)

Equationl is a secondorderequationin a andc; the discriminantof the equation
satis®egheconditionof ahyperbold10]. Thus,whenacircle is edited theregion of
2D line spaceaffectedby theeditis ahyperbolab i.e.,theraysin theshadedegionon
theright in Figure2-(a) areaffectedby the edit. The parametersf the hyperbolacan
bederivedfrom o'slocationandradius.

A2 In 4D

A similar derivationidenti®esthe region of 4D line spaceaffectedby aneditto a 3D
sphereo. Eachray R associateavith the facepair with principaldirection  is spec-
i®ed as . Theregion of 4D spaceaffectedby aneditto a 3D spherds
characterizethy thefollowing equation:

While the ®rst two lines of the equationare exactly the 4D generalizatiorof a 2D
hyperbolathe third line introducedourth-ordercrossterms. Thus,whena 3D sphere
is edited,theregion of 4D line spaceaffectedby the edit is not a hyperboloid,but it
is speci®edy afourth-orderequation.Everyray insidethe surfacerepresentedy this
equationcould potentiallybe affectedby the objectedit.
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Plate A: Tunnels ard Interpolant Dependencies

Figure 1: 3 sphereson the right, onénterpolant for theed sphere is shaw
The interpolant has reflection tunal to the ground,ra a direct tunneb the light.

g ) |
H
| [T ANRN TN

Figure 2: Scene Edi The green sphere replaced by thegflow cube. On the
right, a color-codé image shows thenpact of the ediBlue-gray pixels a
interpolated. Greeryellow and mageatpixels fail dued the error predida.
Interpolants are oty invalidated andrebuilt for the dak red pixels.

Figure 3: Museum Sene,

Interpolant dependencies.
Interpolants thatepend on the
reflective miror.
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Plate B: Scene Ed® for Museum Scene

Museum Scene Top to Bottom:
Edit-(a) - delee top of sculpture

Edit-(b) - delée bottom of sculpire
Edit-(c) - addgreen bench
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