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Abstract

Recentlydevelopedinteractiveray tracingsystemscom-
bine thehigh-performanceof todaysCPUswith new algo-
rithmsandimplementationsto achievea �exible andhigh-
performancerenderingsystemoffering high-quality, inter-
active3D graphics. However, dueto its history in off-line
rendering, interactiveray tracinghasbeenlimited to static
scenesandsimplewalkthroughs.However, in order to be-
cometruly interactive ray tracing must supportdynamic
scenesef�ciently.

In thispaper, wepresenta simpleandpracticalapproach
for ray tracing of dynamicscenes.It separatesthe scene
into independentobjectswith commonpropertiesconcern-
ing dynamicupdates—similar to OpenGLdisplaylistsand
scenegraph libraries. Threeclassesof objectsare distin-
guished: Static objectsare treatedas before, objectsun-
dergoingaf�ne transformationsare handledby transform-
ing rays,andobjectswith unstructuredmotionare rebuild
whenevernecessary.

Usingthisapproach,an interactiveraytracingsystemis
ableto ef�ciently supporta widerange of dynamicscenes,
which is demonstratedwith manyexamples.

1 Intr oduction

Methodsfor creatingcomputergeneratedimagescanbe
broadlyclassi�ed into two differentapproaches,bothwith
differentstrengthsandweaknesses.On oneside, triangle
rasterizationis easyto build in hardware,is cheaplyavail-
ableontodaysgraphicscards,andclearlydominatestodays

interactivegraphicsmarket. Ontheotherside,raytracingis
well-knownfor achievingsuperiorimagequality, but is also
infamousfor its high computationalcost,andhastherefore
traditionallybeenusedonly for off-line rendering.

Recently, thespeedof ray tracinghasbeenimprovedto
interactive rates[24, 18]. For a numberof application,in-
teractive ray tracingeven startsto challengethe dominat-
ing role of trianglerasterization:Dueto its logarithmicbe-
havior in scenecomplexity, ray tracing becomesincreas-
ingly ef�cient for complex environments[26]. It offers a
much more �e xible imagegenerationalgorithm than ras-
terization,supportingfeaturesthatarehardto achieve with
rasterizationhardware, including exact re�ections, refrac-
tions, shadows, arbitraryproceduralshaders,andrecently
even global illumination at interactive rates[25]. Several
researchprojectshaveevenstartedto investigatenew hard-
warearchitecturesfor real-timeray tracing[19, 21].

1.1 Ray Tracing in Dynamic Envir onments

Interactiveray tracingis relatively new �eld of research.
Most ray tracingresearchhadbeenconcentratedon accel-
eratingtheprocessof creatinga singleimage,which could
takefrom minutesto hours.Mostof theseapproachesrelied
on doing extensive preprocessingby building up complex
datastructuresto acceleratetracinga ray. This preprocess-
ing wasthenamortizedover theremainderof a frame.

This approachwasverysuccessfulfor off-line computa-
tions, wherethe cost for building the datastructureswas
negligible comparedto the cost for the actual rendering
phase. However, when the time requiredfor tracing rays
wasreducedby morethanan orderof magnitude[24] and
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whenray tracingwasusedin aninteractivesetting,this ap-
proachwasnot feasibleany more.

Building theaccelerationdatastructurebecameabottle-
neckdueto its super-linearbehavior with respectto scene
complexity. In dynamic scenes,where the acceleration
structurewould needto berebuilt for every frame,this pre-
processingalonewouldoftenexceedthetotal timeavailable
perframe.

Without methodsfor interactively modifying the scene,
interactive ray tracingsystemsarelimited to simplewalk-
throughsof static environments,and can thereforehardly
be termedtruly interactive, asreal interactionbetweenthe
userand the environmentwas impossible. In order to be
truly interactive,ray tracingmustbeableto ef�ciently sup-
portdynamicenvironments.

1.2 Paper Outline

We startthispaperwith anoverview overpreviouswork
on fast and interactive ray tracing (Section2). We then
presentthe generalapproach(Section3) as well as some
implementationdetails(Sections4) andreportresultsof ap-
plying thetechniquesto anumberof testscenes(Section5).
This is followed by a detaileddiscussionof the strengths
andweaknessesof ourapproach(Section6) beforeoffering
conclusionsandideasfor futurework (Section7 and 8).

2 PreviousWork

Ray tracing has�rst beenusedby Appel [1], and has
beenadoptedandextendedby many otherresearchers[27,
3, 4]. Sincethen,speedingup ray tracinghasattracteda
lot of attention,andhasleadto dozensof algorithms.Most
of thesealgorithmsrely onreducingtherequiredray/object
intersectiontestsby building anaccelerationor index struc-
tureover thescene'sgeometry.

Many differentdatastructureshave beenproposed,in-
cludingregularandhierarchicalgrids,boundingvolumehi-
erarchies(BVHs [7]), octrees,BSPtrees[22] andkd-trees,
andeven directionaltechniquessuchasray classi�cation.
Dozensof variationsof thesebasicalgorithmsexist. For a
survey of thesetechniques,seee.g.[4, 8].

Quite recently, ray-tracing has been improved to the
point where interactive frame ratescould be achieved at
leastfor moderatescreenresolutions.By exploiting thein-
herentparallelismof ray-tracingMuuss[14, 13] andParker
et al. [18, 16, 17] achieved interactive ray tracing perfor-
manceon sharedmemorysupercomputersystemsby mas-
siveparallelizationandlow-level optimizations.

Last year, Wald et al. [24] showed that interactive ray-
tracingperformancecanalsobe obtainedon inexpensive,
off-the-shelfPCs. Their implementationis designedfor
goodcacheperformanceusingoptimizedintersectionand

traversalalgorithmsaswell asa careful layout andalign-
ment of core data structures. Togetherthesetechniques
increasedthe performanceof ray-tracing by more than
an order of magnitudecomparedto other software ray-
tracers[24]. In a relatedpublicationit wasshown thatray-
tracing also scaleswell in a distributed memoryenviron-
mentusingcommodityPCsandnetworks[26].

Unfortunately, all the available accelerationstructures
have beendesignedfor static environments,thus limiting
interactive ray tracing systemsto simple walkthroughsof
staticenvironments.

Somemethodshave beenproposedfor the caseswith
prede�nedanimationpathsknown in advance(e.g.[5, 6]).
Little researchis availablefor truly interactive systems.In
their systemParker et al. [18] keepmoving primitivesout
of the accelerationstructureand checkthem individually
for every ray. Of course,this is only feasiblefor a small
numberof moving primitives.

Another approachconcentrateson ef�ciently updating
anaccelerationstructureswhenobjectsmove. Becauseob-
jectsmayoccupy a largenumberof cells in anacceleration
structurethismayrequirecostlyupdatesto largepartof the
accelerationstructurefor eachmoving primitive. To over-
comethisproblem,Reinhardetal. [20] proposedadynamic
accelerationstructurebasedona hierarchicalgrid. In order
to quickly insertanddeleteobjectsindependentlyof their
size, larger objectsarebeingkept in coarserlevels of the
hierarchy. As a result,objectsalwayscover approximately
a constantnumberof cells, thusallowing to updatetheac-
celerationstructurein constanttime. However, their data
structurehadto berebuilt oncein a while in orderto clean
upaftertheupdates.

Excellent researchon ray tracing in dynamicenviron-
mentshasalso beenperformedby Lext et al. [12]. They
provideanexcellentanalysisandclassi�cationof theprob-
lemsarisingdueto dynamicenvironments.They proposed
a representativesetof testscenesdesignedto stressthedif-
ferentaspectsof ray tracingin dynamicscenes.TheBART
benchmarkprovidesan excellent tool for evaluatinga dy-
namic ray tracingengine,andwill be usedextensively in
ourexperiments.

In their researchthe behavior of dynamic sceneswas
classi�ed into two inherentlydifferent classes[12]: One
form is hierarchical motion, whereawholegroupof primi-
tivesis subjectto thesametransformation,which mayalso
beorganizedhierarchically. Theotherclassis unstructured
motion, wherea setof trianglesmovesin an unstructured
way without relation to eachother. For a closerexplana-
tion of the different kinds of motion, also seethe BART
paper[12]. Our methodbuilds on theseideasasproposed
independentlyby Lext et al. [11].
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3 Our Approach

Our approachis motivatedby thesameobservationsas
Lext et al. of how applicationstypical usea scenegraph.
Large partsof a sceneoften remainstaticover long peri-
odsof time. Otherpartsof a sceneundergowell-structured
transformationssuchasrigid motion or af�ne transforma-
tions.Yetotherpartsreceivecompletelyunstructuredtrans-
formations. This commonstructurewithin scenescan be
exploitedmaintaininggeometryin separateobjectsaccord-
ing to their dynamicproperties.

Eachobjecthasits own accelerationstructuresandcan
be updatesindependentlyof the restof the scene.An ad-
ditional top-level accelerationstructuremustbemaintained
thatacceleratesraytraversalbetweentheobjectsin ascene.
For static objectsray traversalsimply proceedswithin an
objectif its boundingbox is hit duringtraversalof thetop-
level structure.

For hierarchical motion, all trianglesthataresubjectto
thesamesetof transformations(e.g.all thetrianglesform-
ing the headof the animatedrobot in Figure 1) must be
groupedby theapplicationinto thesameobject.Wesimply
storea transformationthatwill beappliedto theray before
traversalcontinues.

Transformingsuchanobjectsimply requiressimply up-
dating its transformationmatrix. This way, whole groups
of trianglescanbetransformedwithoutmodifying their ac-
celerationstructureat all. Only the top-level acceleration
structuremustbeupdatedto re�ect thenew positionof the
object.

Figure 1. Two robots (left), with color ­coded
objects (right). All triangles of the same color
belong to the same object.

For unstructured motion, we rebuilt the acceleration
structurefor every framewith motion. As such,objectsor-
ganizetrianglessubjectto similarunstructuredmotion(e.g.
during thesametime spans).The local accelerationstruc-
turesof theseobjectsare discardedand rebuilt from the
transformedtriangleswhenevernecessary. Eventhoughthis
processis costly, it is only requiredfor objectswith unstruc-
turedmotionanddoesnotaffectany of theotherobjects.

Becausethe implementationthe threetypesof objects

are identical, the applicationis free handleobject as re-
quiredfor thecurrentframe— keepingit, updatingits trans-
formation,or rede�ning it.

The top-level accelerationstructureis highly-likely to
berebuilt for very frame— whenever any objecthasbeen
changed.For this casewe usea BSPtreethatoffershighly
optimizedalgorithmsfor building and traversing(seebe-
low).

4 Implementation

Before discussingthe actual algorithms for quickly
building andtraversingaccelerationstructures,we�rst give
an overview of how objectsmay be speci�ed by an appli-
cation. This descriptionis basedon theproposedOpenRT
API for interactive ray tracing [23]. Similar to OpenGL,
OpenRT operateson a very low level that allows it to be
usedfrom almostany applicationorscenegraphlibrary. For
thispaperweconcentrateononly asmallaspectof OpenRT
relevantfor dynamicscenes.

4.1 OpenRT API

Our methodis similar to theway optimizedapplication
make useof OpenGL[15, 2]. Primitivesaregroupedinto
display lists dependingon their (dynamicupdate)proper-
ties. All trianglesinside display lists can then be trans-
formedef�ciently adjustingthecurrenttransformationcall-
ing the display list. Triangleswith unstructuredmotion
wouldsimplyberenderedin immediatemode.

With OpenRT applicationoperatein a similar way us-
ing objectsinsteadof displaylists. Themaindifferencebe-
tweenthem is that OpenRT objectsdo not allow for side
effects.In bothcases,it is theapplicationthatneedto orga-
nize its geometryaccordingly. This organizationwould be
similar for OpenGLandOpenRT, but might requireadjust-
mentdueto the semanticdifferencesbetweenobjectsand
displaylists. Insteadof usingOpenGL's immediatemode
for primitiveswith unstructuredmotion,specialobjectsare
usedthatmayberede�nedwhennecessary.

In OpenRT, objectsarede�ned by calls to rtNewObject,
rtBeginObject, andrtEndObject, which closelycorrespond
to theOpenGLfunctionsfor specifyingdisplaylists. This
similarity simpli�es portingof OpenGLbasedapplications.
We alsousesimilar callsfor specifyinggeometrywithin an
object, using functionslike rtBegin/End(RT_TRIANGLE),
rtVertex3f(), with all the functionality for transformations
(e.g.rtRotatef()) andmatrixstackhandling(e.g.rtPushMa-
trix()) beingsupported.

After an objecthasbeende�ned, it canbe instantiated
any timewith acall to rtInstantiateObject()usingthetrans-
formationcurrentlyon the transformationstack. Eachin-
stanceof an object consistsof a referenceto the original
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objectand the appliedtransformation.Af�ne transforma-
tion of objectscanthenbeimplementedby simplyreinstan-
tiating theobjectwith adifferenttransformationmatrix.

Transformatin Obj-ID

Transformatin Obj-ID

Transformatin Obj-ID

Transformatin Obj-ID

Geometry BSP

Geometry BSP

Geometry BSP
BSP

of

Instances

Object List

Instance List

Figure 2. Two­level hierar chy as used in our
appr oach: A top­le vel BSP contains refer­
ences to instances, whic h contain a transf or­
mation and a reference to an object. Object
in turn consist of geometr y and a local BSP
tree .

A typical scenethen consistson a set of objectswith
associatedaccelerationstructureandasetof instances(Fig-
ure2). During rendering,eachray is traversedthroughthis
datastructure. In order to supportef�cient traversal,we
usea two-level approachwith specializeddatastructures
for eachobjectandan additionalaccelerationstructurefor
thelist of instances.

4.2 Object Construction and Traversal

During traversalof the datastructure,rays have to be
intersectedwith objects. As describedabove, eachobject
consistsof a setof geometricprimitivesaswell asits own
accelerationstructurefor fasttraversalwithin thatobject.

Within eachobjecttheapproachis identicalto traditional
ray tracing in static environments. Consequently, we use
exactly thesamealgorithmsfor building andtraversingthat
datastructure. In our case,we usethe BSPtreeanddata
structuresdescribedin [24].

For staticobjectsor thosewith hierarchicalmotion, the
localBSPtreemustonly bebuilt oncedirectlyaftertheob-
ject de�nition. The time for building theseobjectsis not
an issue,allowing us to usesophisticatedand slow algo-
rithmsfor building theaccelerationstructures1 alreadyused
in [24]. An extensive studyof suchalgorithmscanfor ex-
amplebefoundin [8].

1Thoughthe objects(andthusits BSP)remainsstatic in its local co-
ordinatesystem,its instancein the world coordinatesystemcanstill be
transformedwith rigid-bodytransformations.

4.3 FastHandling of Unstructur edMotion

Thementionedalgorithmsfor creatinghighly optimized
BSPtreesmayrequireseveralsecondsevenfor moderately
complex objects.Thusthey arenot applicablefor unstruc-
turedmotion,whereobjectmayhaveto berebuilt for every
frame.For thesecasessacri�cetraversalspeedfor construc-
tion speed.This is accomplishedby using lessexpensive
heuristicsfor BSPplaneplacement,andby usingdifferent
qualityparametersfor BSPconstruction.

A particularly importantcost factor for BSP tree con-
structionis thesubdivision depthof theBSP. The subdivi-
sioncriteriatypically consistsof amaximumtreedepthand
a targetnumberof trianglesper leaf cell. Subdivision con-
tinuesoncellswith morethanthetargetnumberof triangles
upto themaximumdepth.Typicalcriteriaspecify2 or 3 tri-
anglespercell andusuallyresultsin fasttraversaltimes,but
alsoin deeperBSPs,whicharemorecostlyto create.Partic-
ularly costlyaredegeneratecases,in whichsubdivisioncan
not reducethenumberof trianglespercell, for exampleif
toomany primitivesoccupy thesamepoint in space,e.g.at
verticeswith a valencehigherthanthemaximumnumbers
of triangles.

In order to avoid suchexcessive subdivision in degen-
erateregions, we modi�ed the subdivision criterion: The
deeperthesubdivision, themoretriangleswill be tolerated
per cell. We currently increasethe tolerancethresholdby
a constantfactor for level of subdivision. Thus we gen-
erally obtainsigni�cantly lower BSPtreesand larger leaf
cellsthanfor staticobjects.

With thesecompromiseson BSPtreeconstruction,un-
structuredmotion for moderate-sizedobjectscan be sup-
ported by rebuilding the respective object BSP at every
frame. However, thesecompromisesalsoleadto moretri-
anglespercell,andthereforeto asomewhatslowertraversal
speed.

4.4 Ef�cient Traversal

Having a separateaccelerationstructurefor everyobject
allows for ef�ciently intersectingeachray with its geome-
try. However, a scenemay containmany object instances
requiringanadditionaldatastructurefor ef�ciently travers-
ing thelist of instances.

We also use a BSP tree for the top-level acceleration
structure(Figure2), which allows us to usethe sameef�-
cient,stable,andreliablealgorithmsfor traversingthetop-
level BSPasfor objects. The only differenceis that each
leaf cell of thetop-level BSPtreecontainsa list of instance
ids insteadof triangleids. Only minor changeswherere-
quiredto implementthis modi�ed traversalcode.

As with theoriginal implementation,arayis �rst clipped
to thesceneboundingbox andis thentraversediteratively
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throughthe top-level BSPtree. As soonasit encountera
leaf cell, it sequentiallyintersectstheray with all instances
in this cell: For eachinstance,the ray is �rst transformed
to the local coordinatesystemof theobject,andthe trans-
formedray is thenbeingintersectedwith the objectusing
the original algorithms. Traversalstopsassoonasa valid
hit point is foundinsidethecurrenttop-level cell. Thecost
of intersectingaraywith thesameobjectmultipletimescan
ef�ciently beavoidedwith mail-boxing[10].

4.5 FastTop­Level BSPConstruction

While traversalof thetop-level BSPrequiredonly minor
changesto theoriginal implementation,this is not thecase
for theconstructionalgorithm.As describedabove,ascene
caneasilycontainseveral thousandinstances.A straight-
forwardBSPconstructionapproachwouldbetoocostlyfor
interactiveuse.On theotherhand,thetop-level BSPis tra-
versedby everyray, andthushasto besuf�ciently ef�cient
for ray traversal.

Fortunately, thetaskof building thetop-level BSPis dif-
ferent than for objectBSPsthussimplifying the problem:
Object BSPsrequirecostly triangle-in-cell computations,
careful placementof the splitting plane,and handlingof
degeneratecases. In contrast,the top-level BSP contains
only instancesrepresentedby anaxis-alignedboundingbox
(AABB) of its transformedobject. Consideringonly the
AABBs, optimized placementof the splitting plane be-
comesmucheasier, andproblematiccasescanbeavoided.

For splittinga cell, we incorporateseveralobservations:

1. It is usuallybene�cial to subdivideacell in thedimen-
sionof its maximumextent,asthis usuallyyields the
mostwell-formedcells[8].

2. Placementof the BSPplaneonly makessenseat the
boundaryof objectscontainedwithin thecurrentcell.
This is due to the fact that the cost-functioncan be
maximalonly at suchboundaries,see[8].

3. It can beenshown that the optimal position for the
splitting planelies betweenthecellsgeometriccenter
andtheobjectmedian[8]

Usingthesethreeobservations,theBSPtreecanbebuilt
in a way that it is both suited for fast traversalby opti-
mizedplaneplacement,andcanstill bebuilt quickly andef-
�ciently: For eachsubdivisionstep,wetry to �nd asplitting
planein thedimensionof maximumextent(observation1).
As potentialsplitting planes,only the AABB borderswill
beconsidered(observation2). In orderto �nd a goodsplit-
ting plane,we �rst split the cell in the middle,anddecide
whichsidecontainsmoreobjects,i.e. whichcontaintheob-
jectmedian.Fromthisside,wechoosetheobjectboundary
thatis closestto thecenterof thecell. As such,thesplitting

planelies betweencell centerandobjectmedian,which is
generallyagoodchoice(observation3).

If no splitting planecan be found in the dimensionof
maximumextent,theothertwo dimensionswill bechecked
in turn. If neitherdimensionyields a valid splitting plane,
nosubdivisionsarenecessaryany more,anda leaf cell will
becreated(seeAlgorithm 1).

Algorithm 1 Algorithm for building thetop-level BSPtree.
BuildTree(instances,cell)

for d = x,y,z in orderof maximumextent
P =

�

i � mind �

i � maxd �

i � instances�

c = centerof cell
if (moreinstanceson left sideof c thanon right)

p = max(
�

p � P � p � c � )
else

p = min(
�

p � P � p �
	 c � )
if (p insidecell )

{leftvox,leftinst,rightvox,rightinst}
= SplitCell(instances,cell,p)

BuildTree(leftinst,leftvox);
BuildTree(rightinst,rightvox);
return;

# novalid splittingplanefound
cell = Leaf(instances)

Thisway, theconstructionalgorithmyieldsanoptimized
BSPsubdivisionthatbetraversedquickly while usingafast
andef�cient algorithmfor BSPtreecreation.As eachsub-
division stepremovesat leastonepotentialsplitting plane,
terminationof the subdivision can be guaranteed,and no
specialmeasureshave to be taken to avoid excessive sub-
division. Choosingthesplitting planein thedescribedway
alsoyieldsrelativelysmallandwell-balancedBSPtrees.Fi-
nally, degeneratecasesas for trianglescannothappenfor
axisalignedboundingboxesasonly boundariesareconsid-
ered,andnot theoverlappingspaceitself.

5 Results

For testingoursystem,wehavechosento usetheBART
benchmarkscenes,which representa wide varietyof stress
factorsfor raytracingof dynamicscenes[12]. Additionally,
weuseseveralof thescenesthatweencounteredin practical
applications[25], andafew custom-madescenesfor stress-
testing.Snapshotsof testscenescanbefoundin Figure6.

All of the following experimentshave beenperformed
on a cluster of dual AMD AthlonMP 1800+ machines
with a FastEthernetnetwork connection. The network is
fully switchedwith a gigabitethernetconnectionto a dual
AthlonMP 1700+server. Theapplicationis runningon the
server andis unawareof thedistributedrenderinghappen-
ing in the renderingengine. It managesthe geometryin a
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Figure 3. Two snapshots from the BART
kitc hen. Left: OpenGL­like shading running
at >26 fps on 32 CPUs. Right: full y­featured
ray tracing with shado ws and re�ections (re­
�ection depth 3) running at >4 fps on 32 CPUs.

scenegraph,andtransparentlycontrolsrenderingvia calls
to theOpenRT API. All examplesarerenderedat a resolu-
tion of 640 � 480.

5.1 BART Kitchen

The Kitchen scenecontainshierarchicalanimationsof
110.000trianglesdivided across5 objects. This resultsin
negligible network bandwidthandBSPconstructionover-
head. Overlapof boundingboxesmay resultsin a certain
overhead,which is hardto measureexactlybut is de�nitely
nota majorcostfactor.

The main costof this sceneis dueto the needto trace
many raysdueto shadows from 6 point lights anda high
degreeof re�ectivity on many objects. Due to fast cam-
eramotion andhighly curvedobjects(seeFigure3), these
raysareratherincoherent.However, theseaspectsarecom-
pletelyindependentof thedynamicnatureof thesceneand
arehandledef�ciently by our system.

We achieve interactive frame rateseven for the large
amountof raysto be shot. A re�ection depthof 3 results
in a total of 3.867.661rays/frame.At a measuredrateof
526.000raystracedpersecondandCPUin this scene,this
translatingto a framerateof 4.3 fps on 32 CPUs. Scala-
bility is almostlinear (seeTable1) – usingtwice asmany
CPUsresultsin roughlytwice theframerate.

CPUs 2 4 8 16 32
OpenGL-like 1.7 3.4 6.8 13.6 >26
RayTracing 0.25 0.5 1.05 2 4

Table 1. Scalability in the Kitc hen scene in
frames/sec.

5.2 BART Robots

TheRobotsscenewasmainly designedfor stressinghi-
erarchicalanimation. 16 Robotsmove througha complex
city with hierarchicalanimationof their body partsorga-
nizedinto 161differentobjects.All dynamicmotion is hi-
erarchicalwith nounstructuredmotion.Therefore,theBSP
treesfor all objectshave to bebuilt only once,andonly the
top-level BSPmustberebuilt for every frame.

Scene num. num. reconstruction
objs triangles time (in msec)

Robots 161 100K 1
Of�ce 9 34K <1
Terrain 661 8M 4

Table 2. Reconstruction time of the top­le vel
BSP: Using our optimiz ed algorithm, recon­
struction time remains in the order of a few
milliseconds. Other scenes are even less ex­
pensive .

Using the algorithmsdescribedabove, rebuilding the
top-level BSPis veryef�cient takinglessthanonemillisec-
ond(seeTable2). Furthermore,updatingthetransformation
matricesrequiresonly a well tolerablenetwork bandwidth
of 20kB/framefor eachclient.

CPUs 2 4 8 16 32
OpenGL-like 1.25 2.49 5.1 10 20
RayTracing 0.24 0.48 1.01 2.01 4

Table 3. Scalability in the Robot scene in
frames/sec.

With sucha small transmissionandreconstructionover-
head,we againachieve almost-linearscalability (seeTa-
ble 3) and high renderingperformance.Using 32 CPUs,
we achievea framerateof 4 framespersecond.Again, the
high costof this sceneis dueto thelargenumberof re�ec-
tion andshadow rays.Usinga simpleOpenGL-like shader
(seeFigure4) resultsin frameratesof morethan20 frames
persecond.

5.3 BART Museum

The museumhasbeendesignedmainly for testingun-
structuredmotion and is the only BART scenefeaturing
non-hierarchicalmotion. In thecenterof themuseum,sev-
eral trianglesareanimatedon prede�nedanimationpaths
to form differentlyshapedobjects.Thenumberof triangles
undergoing unstructuredmotion can be con�gured to 64,
256,1k, 4k, 16k,or 64k.
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Figure 4. The Bar t Robots: 16 robots consist­
ing of 161 objects rendered interactivel y. Left
image: OpenGL­like shading at >20 fps on 32
CPUs. Center image: standar d ray tracing
(re�ection depth of 3) at >4 fps at 32 CPUs.
Right image: a color ­coded version sho wing
the diff erent objects.

Eventhoughthecompleteanimationpathsarespeci�ed
in the BART scenegraph,we do not make useof this in-
formation. Usercontrolledmovementof the triangles,i.e.
without knowledgeof future positions,would createthe
sameresults.

As canbeexpected,unstructuredmotionbecomescostly
for many triangles.Building theBSPtreefor thecomplex
versionof 64ktrianglesalreadyrequiresmorethanonesec-
ond (seeTable 4). Note, however, that our currentalgo-
rithms for building objectBSP treesstill leavesplenty of
roomfor furtheroptimizations.

Furthermore,thereconstructiontime is stronglyaffected
by thedistributionof trianglesin space:In thebeginningof
theanimation,all trianglesareequallyandalmost-randomly
distributed.This is theworstcasefor BSPs,which arebest
at handlinghighly unevendistributions,andconstructionis
consequentlycostly. During theanimation,thetrianglesor-
ganizethemselvesto form a singlesurface.This resultsin
muchfasterreconstructiontime. Thenumbersgivenin Ta-
ble 4 are taken at the beginning of the animation,andare
thusworst-caseresults.

Apart from raw reconstructioncost,signi�cant network
bandwidth is required for sendingall triangles to every
client for every frame. Sincewe usereliable unicastfor
network transport,4096trianglesand16clients(32CPUs),
resultingroughly6.5 MB have to be transferred(Table4).
Thoughthis doesnot yet saturatethe network, the perfor-
manceof theserver is alreadyaffected. Consequently, we
donot scalecompletelylinearlyany more(seeTable6).

This scenealso requiresthe computationof shadows
from two point lights aswell aslargeamountsof re�ection
rays. All of the moving trianglesare re�ective and inco-
herentlysamplethewholeenvironment(seeFigure5). As
thedynamicbehavior of a sceneis completelytransparent
to theshaders,integratingall theseeffectsdoesnot require

num. reconstruction datasent/client
triangles time(in msec) (in bytes)

museum3 64 1 6,4k
museum4 256 2 25,6k
museum5 1k 8 102k
museum6 4k 34 409k
museum7 16k 101 1,6M
museum8 64k >1s 6,5M

Table 4. Unstructured motion in diff erent con­
�gurations of the museum scene . The num­
ber of triangles onl y speci�es the number of
triangles under going unstructured motion.

any additionaleffort exceptfor thecostfor tracingtherays.
Evenwith all theseeffects– unstructuredmotion,shad-

ows,andhighly incoherentre�ectionson moving objects–
themuseumcanberenderedinteractively: Using8 clients,
we achieve 4.8 fps for 1024triangles,andstill 4.2 fps for
4096trianglesin videoresolution.Again, theframerateis
dominatedby thecostfor shadowsandre�ections.Usingan
OpenGL-like shaderwithout theseeffectsallows to render
thesceneat 19 framespersecondon8 clients.

Figure 5. Unstructured motion in the BART
museum: Up to 64.000 triangles are moving
incoherentl y thr ough the room. Note espe­
ciall y how the entire envir onment re�ects in
these moving triangles (right).

5.4 Outdoor Terrain

TheTerrainscenehasbeenspeci�cally designedto test
the scalabilitywith a large numberof instancesandtrian-
gles. It containsup to 661 instancesof 2 different trees,
which correspondsto roughly10 million trianglesafter in-
stantiation. A point light sourcecreateshighly detailed
shadows from the leaves(seeFigure6). All treescanbe
movedaroundinteractively, bothin groupsor individually.

The large numberof instancesresults in construction
timesfor thetop-level BSPof up to 4 msecperframe.This
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cost— togetherwith thetransmissioncostfor updatingall
661instancematricesonall clients— limits thescalability
for a largenumberof instancesandclients(seeTable6).

6 Discussion

Theabovescenesstressour dynamicray tracingsystem
in differentareas.Togetherwith theterrainexperiment,our
testscenescontaina strongvariationof parameters,rang-
ing from 5 to 661instances,from afew thousandto several
million triangles,from simple shadingto lots of shadows
andre�ections,andfrom hierarchicalanimationto unstruc-
turedmotionof thousandsof triangles(for anoverview, see
Figure6). Takentogether, theseexperimentsallow to ana-
lyzeandevaluateourmethodwith respectto many different
aspects.

Transformation Cost The core ideaof our methodwas
to avoid rebuilding the completedatastructure,but rather
transformthe raysto the coordinatesystemof eachobject
wheneverpossible.This impliesthatevery ray intersecting
a objecthasto be transformedto thatobjectslocal coordi-
natesystemvia matrix-vectormultiplicationsfor both ray
origin anddirection,resultingin severalmatrix operations
per ray. As our systemshootsapproximatelyhalf a mil-
lion rayspersecondon anAthlonMP 1800+CPU,this can
amountto hundredsof thousandsof matrix-vectormultipli-
cationsper frame(seeTable5). Furthermore,moretrans-
formationsareoftenrequiredduringshading,e.g.by trans-
forming the shadingnormal or for calculatingprocedural
noisein thelocal coordinatesystem.

Of�ce Terrain Robots
objects 9 661 161

matrixops 480K 1600K 1000K

Table 5. Number of the matrix­vector multi­
plies for the scenes in our benc hmark scenes
(resolution 640x480). Note , a matrix opera­
tion can be perf ormed in onl y 23 cycles even
in plain C code , whic h is negligib le compared
to traversal cost.

However thecostfor thesetransformationis ratherlow
in practice.Evenfor a straight-forwardC-codeimplemen-
tation,a matrix-vectoroperationcostsonly 23 cycleson an
AMD Athlon MP CPU, which is almostnegligible com-
paredto thecostfor tracinga ray, which is in theorderof
several hundredto a thousandcycles. The cost for matrix
operationscouldbefurtherreducedby replacingthematrix-
vectormultiplicationsby SSEcode[9].

Unstructur ed Motion As could be expected,the Mu-
seumscenehas shown that unstructuredmotion remains
costly for ray tracing. A moderatenumberof a few thou-
sandindependentlymoving trianglescanbesupported,but
larger numberswould lead to intolerable reconstruction
timesfor therespective objects(seeTable4). As such,our
methodis still not suitablefor sceneswith strongunstruc-
turedmotion.

To supportsuchscenes,algorithmsfor fasterreconstruc-
tion of dynamicobjectshave to be developed. Note that
our methodcould also be combinedwith Reinhardsap-
proach[20] by usinghis methodonly for the unstructured
objects.Eventhen,lots of unstructuredmotionwould still
createa performanceproblemdue to the needto sendall
triangleupdatesto the clients. This is not a limitation of
our speci�c method,but would be similar for any kind of
algorithmin adistributedenvironment.

Bounding Volume Overlap Oneof the stresscasesde-
�ned in [12] wasBoundingVolumeOverlap. In fact, this
resultsin someform of overhead,asit limits early ray ter-
mination. All instancesmustbe testedsequentiallyin the
overlapareaasavalid intersectioncomputedin the�rst ob-
ject might not bevisible dueto beingoccludedby another
instance.

Thoughit would be easyto constructscenarioswhere
this would leadto excessiveoverhead,this is rarelysigni�-
cantin practice.Boundingvolumeoverlapdoeshappensin
all our testcases,but hasnot provena majorperformance
problem.In fact,overlappingobjectsareidenticalto using
boundingvolumehierarchies(BVHs) [7] asanacceleration
structure,whichhaveprovento work well in practice.

Over-Estimation of Object Bounds Building the top-
level BSPrequiresanestimateof theboundingboxof each
instancein world coordinates.As transformingeachindi-
vidual vertex would be too costly, we conservatively esti-
matethisboundsbasedonthetransformedboundingboxof
theoriginalobject.

This sometimesover-estimatesthe correctboundsand
resultsin someoverhead:During top-level BSPtraversal,a
raymaybeintersectedwith anobjectthatit wouldnothave
intersectedotherwise.However, this overheadis restricted
to only transformingandclipping the ray: After transfor-
mation to the local coordinatesystem,sucha ray is �rst
clippedagainstthe correctboundingbox, andcanthusbe
immediatelydiscardedwithout furthertraversal.

Teapot-in-a-Stadium Problem The teapot-in-a-stadium
problemis handledvery well by out method: BSP trees
adaptautomaticallyto varyingobjectdensityin ascene[8],
which solves the problem for both objectsand top-level
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BSP. In fact, our methodeven allows to increaseperfor-
mancefor thesecases:If the' teapot'is containedin asepa-
rateobject,theshapeof the'stadium'BSPis usuallymuch
better: The teapotobjectis alreadyenclosedin tightly �t-
ting bounds,without usingseveraladditionalBSPlevelsto
tightly enclosetheteapot.

Scalability with the number of Instances Apart from
unstructuredmotion, the main cost of our methodresults
from theneedto recomputethetop-levelBSPtree.As such,
a large numberof instancesbecomesexpensive, ascanbe
seenin theTerrainscene.Still, eventhethousandcomplex
instancescanberenderedinteractively, andusingonlyafew
dozeninstanceshasnegligible impact.

As such,the numberof instancesshouldbe minimized
in order to achieve optimal performance. It is generally
much fasterto use a few, large objectsinsteadof many
small ones. All static trianglesin a sceneshouldbestbe
storedin a singleobject,insteadof usingmultiple objects.
This is completelydifferentto OpenGLsapproachof using
many, smalldisplaylists,andstill requiressomeamountof
manualportingandoptimizationwhenportingapplications
from OpenGLto OpenRT.

Ontheotherhand,supportinginstantiation(i.e.usingex-
actly the sameobjectmultiple timesin the sameframe)is
a valuablefeatureof our method,as this allows to render
complex environmentsvery ef�ciently: With instantiation,
memoryis requiredfor storingonly the two original trees
and the top-level BSP, allowing to rendereven that many
triangleswith a smallmemoryfootprint. For OpenGLren-
dering,all triangleswould still be handledindividually by
thegraphicshardwareevenwhenusingdisplaylists.

Scalability in Distrib uted Envir onments As could be
seenby the experimentsin Section5, we achieve rather
goodscalabilityevenfor many clientsexceptfor scenesthat
requireto updatea lot of informationon all clients,i.e. for
a high degreeof unstructuredmotion(whereevery moving
trianglemustbetransmitted),andfor a largenumberof in-
stances.

In the terrain scene,using 16 clients would requireto
send676KB2 perframesimply for updatingthe661trans-
formationmatriceson theclients. Thoughthis datacanbe
sentin a compressedform, loadbalancingandclient/server
communicationfurther adds to the network bandwidth.
Without broadcast/multicastfunctionality on the network,
theserver bandwidthincreaseslinearly with thenumberof
clients.For many clientsandlots of updateddata,this cre-
atesabandwidthbottleneckontheserver, andseverelylim-
its thescalability(seeTable6).

2661instances� 16 clients� (4 � 4) �oats

In principle, the sameis true for unstructuredmotion,
wheresendingseveralthousandtrianglesto eachclientalso
createsanetwork bottleneck.Ontheotherhand,bothprob-
lemsarenot speci�c to our method,but apply for any kind
of distributedrendering.

OpenGL-like 1 2 4 8 16
Robots 1.25 2.49 5.1 10 20
Kitchen 1.7 3.4 6.8 13.6 26(-)
Terrain 0.68 1.34 2.55 4.76 8.33
Museum/1k 2.7 5.4 10.2 19.5 26(-)
Museum/4k 2.5 4.5 7.5 4.5 2.5
Museum/16k 1.6 2.4 1.7 1 0.5

RayTracing 1 2 4 8 16
Robots 0.24 0.48 1.01 2.01 4
Terrain 0.3 0.6 1.19 2.29 4.26
Kitchen 0.25 0.5 1.05 2 4
Museum/1k 0.6 1.2 2.4 4.8 9.3
Museum/4k 0.55 1.1 2.2 4.2 2.5
Museum/16k 0.45 0.9 1.65 0.98 0.53

Table 6. Scalability of our method in the
diff erent test scenes. '­' means that the
servers netw ork connection is completel y
saturated, and thus no higher perf ormance
can be achieved. The number s in the upper
table correspond to pure OpenGL like shad­
ing, the lower one is for full ray tracing inc lud­
ing shado ws and re�ections.

Total Overhead In order to estimatethe total overhead
of our method,we have comparedseveral scenesin both
a staticanddynamiccon�guration. As thereareno static
equivalentsfor theBART benchmarks,we have takensev-
eral of our statictestscenes,andhave modi�ed themin a
way that they can be renderedin both a static con�gura-
tion with all trianglesin a single, static BSP tree, and in
a dynamiccon�guration, wheretrianglesaregroupedinto
differentobjectsthatcanthenbemoveddynamically.

Note,however, that thetotal performanceis affectedby
severalfactors.Eventhoughtransformationandreconstruc-
tion costleadto overhead,usinga hierarchycanalsohave
positivesideeffects.Forexample,havingsmallandcompli-
catedobjects(e.g. teapotsin a stadium)containedin sep-
arateobjectscanleadto BSPtreesthat areactuallybetter
situatedthanthosefor asinglestaticBSPtree,andcaneven
resultin fastertraversal.
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For the scenesthat areavailable in both staticanddy-
namic con�gurations,we �nd that our methodcreatesan
overheadof only 10 to 20 percentfor typical scenes.We
considerthis overheadtolerablefor the added�e xibility
gainedthroughsupportingdynamicscenes.

7 Conclusions

We havepresenteda simpleandpracticalmethodfor in-
teractive ray tracingof dynamicscenes.It supportsa large
varietyof dynamicscenes,including all the BART bench-
markscenes(seeFigure6). It imposesnolimitationsonthe
kind of raysto beshot,andassuchallows for all theusual
ray-tracingfeatureslike shadowsandre�ections.

For unstructuredmotion,our methodstill incursa high
reconstructioncostperframe,thatmakesit infeasiblefor a
largenumberof incoherentlymoving triangles.For a mod-
erateamountof unstructuredmotion in the orderof a few
thousandmoving triangles,however, it is well applicable,
andresultsin frameratesof several framesper secondat
videoresolution.

For mostlyhierarchicalanimation— asoftenappliedin
scenegraphs— ourmethodis highlyef�cient, andallowsto
interactively renderevenhighly complex modelswith hun-
dredsof instances,andmillions of trianglesperobject[23].

With our proposedmethod,we have beensuccessfully
able to interactively ray traceall the dynamicsceneswe
have encounteredsofar. To our knowledge,this is the�rst
time thattheBART benchmarksuitehasbeeninteractively
raytracedatall. Usingonly anOpenGLlikeshadingmodel
anda smallclusterof commodityPCs,morethan15 to 20
framespersecondcanbeachievedin mostscenes.

With theuniqueadvantagesof ray tracing— now com-
binedwith the �e xibility to handledynamicenvironments
— webelievethatinteractiveraytracingis asigni�cant step
closerto bea viablealternative to trianglerasterizationfor
futureinteractive3D graphics.

8 Future Work

Eventhoughrebuilding thetop-levelBSPhasnotproven
to be a major problem,we would be able to organization
objectsinto ahierarchyinsteadof a�at list. Thiswouldfur-
therlimit thenumberof objectsaffectedby a local change.
As most of the updateddatais the samefor every client,
thesupportof network broadcast/multicastwouldbeavery
simplesolutionto thebandwidthproblem,asthetransmis-
siontimewould notbeaffectedby thenumberof clients.

In orderto avoid thescalabilitybottleneckdueto trans-
missioncoston thenetwork andBSPconstructioncoston
all clients,futurework will investigatealgorithmsfor lazy
loading of the geometryand for lazy constructionof the

BSPtrees.Unstructuredmotioncouldbe improvedby de-
signing specializedalgorithmsfor caseswheremotion is
spatiallylimited in someform, suchasfor skinning.

We arealsoinvestigatinghow existing applicationscan
be mappedto our method,e.g. by evaluatinghow a scene
graphlibrary suchasOpenInventoror VRML canbe ef�-
ciently implementedon topof our system.
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Figure 6. Some example frames from several dynamic scenes. From top to bottom: The BART robots
scene contains roughl y 100.000 triangles in 161 moving objects. Belo w that, is the BART kitc hen
scene . The museum scene contains unstructured motion of several thousand triangles. Note how
the entire museum re�ects in these triangles. The terrain viewer application uses up to 661 instances
of 2 trees, would contain several million triangles without instantiation, and even calculates shado ws.
The of�ce scene is a practical application from interactive lighting sim ulation, and demonstrates that
the method works full y automaticall y and completel y transparentl y to the shader .
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