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Abstract

Recentlydevelopednteractiveray tracing systemsom-
bine the high-performancef todaysCPUswith new algo-
rithmsandimplementationso achievea e xible and high-
performanceenderingsystenoffering high-quality inter-
active 3D graphics. However, dueto its historyin off-line
rendering interactiveray tracinghasbeenlimited to static
scenesand simplewalkthoughs. However, in order to be-
cometruly interactive ray tracing must supportdynamic
scenegfciently.

In thispaperwepresent simpleandpracticalapproacd
for ray tracing of dynamicscenes.It sepaatesthe scene
into independenbbjectswith commonpropertiesconcern-
ing dynamicupdates— similar to OpenGLdisplaylistsand
scenegraph libraries. Three classesf objectsare distin-
guished: Static objectsare treatedas befor, objectsun-
demoing af ne transformationsare handledby transform-
ing rays,and objectswith unstructued motionare retuild
wheneernecessary

Usingthis appmad, aninteractiveray tracingsystems
ableto efciently supporta wide range of dynamicscenes,
which is demonstatedwith manyexamples.

1 Intr oduction

Methodsfor creatingcomputergeneratedmagescanbe
broadlyclassi ed into two differentapproacheshoth with
differentstrengthsand weaknessesOn one side, triangle
rasterizatioris easyto build in hardware,is cheaplyavail-
ableontodaysgraphicscards,andclearlydominategodays

interactve graphicanarket. Ontheotherside,raytracingis
well-known for achieving superiorimagequality, but is also
infamousfor its high computationatost,andhastherefore
traditionallybeenusedonly for off-line rendering.
Recently the speedof ray tracinghasbeenimprovedto
interactve rates[24, 18]. For a numberof application,in-
teractve ray tracing even startsto challengethe dominat-
ing role of trianglerasterizationDueto its logarithmicbe-
havior in scenecompleity, ray tracing becomesncreas-
ingly ef cient for complex ervironments[26]. It offersa
much more e xible image generationalgorithmthan ras-
terization,supportingfeatureghatarehardto achieve with
rasterizatiorhardware, including exact re ections, refrac-
tions, shadavs, arbitrary proceduralshadersand recently
even global illumination at interactve rates[25]. Several
researctprojectshave evenstartecto investigatenew hard-
warearchitecturedor real-timeray tracing[19, 21].

1.1 Ray Tracing in Dynamic Environments

Interactive ray tracingis relatively new eld of research.
Most ray tracingresearcthadbeenconcentrate@n accel-
eratingthe procesof creatinga singleimage,which could
take from minutesto hours.Most of theseapproacheeelied
on doing extensie preprocessindpy building up complex
datastructuredo accelerate¢racingaray. This preprocess-
ing wasthenamortizedover theremainderof a frame.

This approactwasvery successfutor off-line computa-
tions, wherethe cost for building the datastructureswas
negligible comparedto the cost for the actual rendering
phase. However, whenthe time requiredfor tracing rays
wasreducedoy morethanan orderof magnitudg24] and



whenray tracingwasusedin aninteractive setting,this ap-
proachwasnotfeasibleany more.

Building theacceleratioratastructurebecamea bottle-
neckdueto its superlinear behaior with respecto scene
complity. In dynamic scenes,where the acceleration
structurewould needto berehuilt for every frame,this pre-
processinglonewould oftenexceedthetotal time available
perframe.

Without methodsfor interactively modifying the scene,
interactie ray tracing systemsarelimited to simplewalk-
throughsof static ervironments,and can thereforehardly
be termedtruly interactive, asreal interaction betweerthe
userandthe ervironmentwasimpossible. In orderto be
truly interactve, ray tracingmustbeableto ef ciently sup-
portdynamicervironments.

1.2 PaperOutline

We startthis papemwith anoverview over previouswork
on fast and interactive ray tracing (Section2). We then
presentthe generalapproach(Section3) aswell assome
implementatiordetails(Sectiongt) andreportresultsof ap-
plying thetechniqueso anumberof testscenegSections).
This is followed by a detaileddiscussiornof the strengths
andweaknessesf our approaci{Section6) beforeoffering
conclusionsandideasfor futurework (Section7 and 8).

2 PreviousWork

Ray tracing has rst beenusedby Appel [1], and has
beenadoptedandextendedby mary otherresearcherf7,
3, 4]. Sincethen, speedingup ray tracing hasattracteda
lot of attention,andhasleadto dozensof algorithms.Most
of thesealgorithmsrely on reducingtherequiredray/object
intersectiortestsby building anacceleationor index struc-
ture overthescenes geometry

Many differentdatastructureshase beenproposedjn-
cludingregularandhierarchicalgrids,boundingvolumehi-
erarchie{BVHSs [7]), octreesBSPtrees[22] andkd-trees,
and even directionaltechniquessuchasray classi cation.
Dozensof variationsof thesebasicalgorithmsexist. For a
suney of thesetechniquesseee.g.[4, 8].

Quite recently ray-tracing has beenimproved to the
point where interactive frame ratescould be achieved at
leastfor moderatescreerresolutions.By exploiting thein-
herentparallelismof ray-tracingMuuss[14, 13] andParker
et al. [18, 16, 17] achieved interactive ray tracing perfor
manceon sharedmemorysupercomputesystemsy mas-
sive parallelizationandlow-level optimizations.

Lastyear Wald et al. [24] shaved that interactve ray-
tracing performancecan also be obtainedon inexpensve,
off-the-shelf PCs. Their implementationis designedfor
good cacheperformanceusing optimizedintersectionand

traversalalgorithmsaswell asa carefullayout and align-

ment of core datastructures. Togetherthesetechniques
increasedthe performanceof ray-tracing by more than

an order of magnitudecomparedto other software ray-

tracerg24]. In arelatedpublicationit wasshavn thatray-

tracing also scaleswell in a distributed memory erviron-

mentusingcommodityPCsandnetworks[26].

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

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

Another approachconcentrate®n ef ciently updating
anacceleratiorstructuresvhenobjectsmove. Becauseb-
jectsmayoccupy alargenumberof cellsin anacceleration
structurethis mayrequirecostlyupdatedo largepartof the
acceleratiorstructurefor eachmoving primitive. To over-
comethisproblem,Reinharcetal. [20] proposed dynamic
acceleratiorstructurebasedon a hierarchicalgrid. In order
to quickly insertand deleteobjectsindependentiyof their
size, larger objectsare beingkept in coarserevels of the
hierarchy As aresult,objectsalwayscover approximately
a constannumberof cells, thusallowing to updatethe ac-
celerationstructurein constantime. However, their data
structurehadto bereluilt oncein awhile in orderto clean
up afterthe updates.

Excellentresearchon ray tracingin dynamicerviron-
mentshasalso beenperformedby Lext et al. [12]. They
provide anexcellentanalysisandclassi cationof the prob-
lemsarisingdueto dynamicenvironments.They proposed
arepresentatie setof testsceneslesignedo stresghe dif-
ferentaspect®of ray tracingin dynamicscenesThe BART
benchmarkprovidesan excellenttool for evaluatinga dy-
namicray tracing engine,andwill be usedextensiely in
our experiments.

In their researchthe behaior of dynamic sceneswvas
classi ed into two inherently different classeq12]: One
form is hierarchical motion wherea whole groupof primi-
tivesis subjectto the sametransformationyhich mayalso
be organizedhierarchically The otherclassis unstructued
motion wherea setof trianglesmovesin an unstructured
way without relationto eachother For a closerexplana-
tion of the differentkinds of motion, also seethe BART
paper[12]. Our methodbuilds on theseideasasproposed
independentipy Lext etal. [11].



3 Our Approach

Our approachs motivatedby the sameobsenationsas
Lext et al. of how applicationstypical usea scenegraph.
Large partsof a sceneoften remainstatic over long peri-
odsof time. Otherpartsof a sceneundego well-structured
transformationsuchasrigid motion or af ne transforma-
tions. Yetotherpartsreceve completelyunstructuredrans-
formations. This commonstructurewithin scenescanbe
exploited maintaininggeometryin separat®bjectsaccord-
ing to their dynamicproperties.

Eachobjecthasits own acceleratiorstructuresandcan
be updatesndependentlyof the restof the scene.An ad-
ditional top-level acceleratiorstructuremustbemaintained
thataccelerategay traversalbetweertheobjectsin ascene.
For static objectsray traversalsimply proceedswithin an
objectif its boundingbox is hit duringtraversalof the top-
level structure.

For hierarchical motion all trianglesthatare subjectto
the samesetof transformationge.g.all thetrianglesform-
ing the headof the animatedrobot in Figure 1) mustbe
groupedby theapplicationinto the sameobject. We simply
storeatransformatiorthatwill beappliedto theray before
traversalcontinues.

Transformingsuchanobjectsimply requiressimply up-
datingits transformationmatrix. This way, whole groups
of trianglescanbe transformedvithout modifying their ac-
celerationstructureat all. Only the top-level acceleration
structuremustbe updatedo re ect the new positionof the
object.
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Figure 1. Two robots (left), with color -coded
objects (right). All triangles of the same color
belong to the same object.

For unstructued motion we rehuilt the acceleration
structurefor every framewith motion. As such,objectsor-
ganizetrianglessubjectto similar unstructureanotion(e.g.
during the sametime spans).The local acceleratiorstruc-
tures of theseobjectsare discardedand rekuilt from the
transformedrianglesvhene&ernecessaryEventhoughthis
processs costly it is only requiredfor objectswith unstruc-
turedmotionanddoesnotaffectary of the otherobjects.

Becausethe implementationthe threetypesof objects

are identical, the applicationis free handle object as re-
quiredfor thecurrentframe— keepingdt, updatingts trans-
formation,or rede ningiit.

The top-level accelerationstructureis highly-likely to
be rekuilt for very frame— wheneer any objecthasbeen
changedFor this casewe usea BSPtreethatoffershighly
optimizedalgorithmsfor building and traversing(seebe-
low).

4 Implementation

Before discussingthe actual algorithms for quickly
building andtraversingacceleratiorstructuresye rst give
an overview of how objectsmay be speci ed by an appli-
cation. This descriptionis basedon the proposedOpenR
API for interactve ray tracing [23]. Similar to OpenGL,
OpenR operateson a very low level that allows it to be
usedrom almostary applicationor scenegraphlibrary. For
this papemwe concentrat®n only asmallaspecbf OpenR
relevantfor dynamicscenes.

4.1 OpenRT API

Our methodis similar to the way optimizedapplication
malke useof OpenGL[15, 2]. Primitivesaregroupedinto
display lists dependingon their (dynamicupdate)proper
ties. All trianglesinside display lists can then be trans-
formedef ciently adjustingthecurrenttransformatiorcall-
ing the display list. Triangleswith unstructuredmotion
would simply berenderedn immediatemode.

With OpenR' applicationoperatein a similar way us-
ing objectsinsteadof displaylists. The maindifferencebe-
tweenthemis that OpenR objectsdo not allow for side
effects.In bothcasesit is theapplicationthatneedto orga-
nizeits geometryaccordingly This organizationwould be
similarfor OpenGLandOpenH, but might requireadjust-
mentdueto the semanticdifferenceshetweenobjectsand
displaylists. Insteadof usingOpenGLs immediatemode
for primitiveswith unstructurednotion, specialobjectsare
usedthatmayberede nedwhennecessary

In OpenR, objectsarede ned by callsto rtNewObject
rtBeginObject andrtEndObject which closelycorrespond
to the OpenGLfunctionsfor specifyingdisplaylists. This
similarity simpli es portingof OpenGLbasedpplications.
We alsousesimilar callsfor specifyinggeometrywithin an
object, using functionslike rtBegin/End(RT_TRIANGLE)
rtVertex3f(), with all the functionality for transformations
(e.g.rtRotatef() andmatrix stackhandling(e.g.rtPushMa-
trix()) beingsupported.

After an objecthasbeende ned, it canbe instantiated
ary time with a call to rtinstantiateObject(usingthetrans-
formation currently on the transformatiorstack. Eachin-
stanceof an object consistsof a referenceto the original



objectandthe appliedtransformation.Af ne transforma-
tion of objectscanthenbeimplementedy simply reinstan-
tiating the objectwith a differenttransformatiommatrix.
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Figure 2. Two-level hierarchy as used in our
approach: A top-level BSP contains refer-
ences to instances, whic h contain a transf or-
mation and a reference to an object. Object
in turn consist of geometry and a local BSP
tree.

A typical scenethen consistson a set of objectswith
associatedcceleratiorstructureanda setof instancegFig-
ure2). During rendering gachray is traversedthroughthis
datastructure. In orderto supportefcient traversal,we
usea two-level approachwith specializeddata structures
for eachobjectandan additionalacceleratiorstructurefor
thelist of instances.

4.2 Object Construction and Traversal

During traversalof the datastructure,rays have to be
intersectedvith objects. As describedabove, eachobject
consistof a setof geometricprimitivesaswell asits own
acceleratiorstructurefor fasttraversalwithin thatobject.

Within eachobjecttheapproachs identicalto traditional
ray tracingin static ervironments. Consequentlywe use
exactly the samealgorithmsfor building andtraversingthat
datastructure. In our case,we usethe BSP treeand data
structureslescribedn [24)].

For staticobjectsor thosewith hierarchicalmotion, the
local BSPtreemustonly bebuilt oncedirectly afterthe ob-
ject de nition. The time for building theseobjectsis not
an issue,allowing us to use sophisticatedand slow algo-
rithmsfor building theacceleratiorstructures alreadyused
in [24]. An extensie studyof suchalgorithmscanfor ex-
amplebefoundin [8].

1Thoughthe objects(andthusits BSP) remainsstaticin its local co-
ordinatesystemiits instancein the world coordinatesystemcanstill be
transformedwith rigid-bodytransformations.

4.3 FastHandling of Unstructur ed Motion

The mentionedalgorithmsfor creatinghighly optimized
BSPtreesmayrequireseveralsecondsvenfor moderately
comple objects. Thusthey arenot applicablefor unstruc-
turedmotion,whereobjectmayhave to berehuilt for every
frame.Forthesecasesacri cetraversalspeedor construc-
tion speed. This is accomplishedy usinglessexpensve
heuristicsfor BSP planeplacementandby usingdifferent
quality parameterfor BSPconstruction.

A particularly importantcost factor for BSP tree con-
structionis the subdvision depthof the BSP The subdvi-
sioncriteriatypically consistsof amaximumtreedepthand
atargetnumberof trianglesperleaf cell. Subdiision con-
tinueson cellswith morethanthetargetnumberof triangles
upto themaximumdepth.Typical criteriaspecify2 or 3 tri-
anglegercell andusuallyresultsin fasttraversaltimes,but
alsoin deepeBSPswhicharemorecostlyto create Partic-
ularly costlyaredegenerateasesin which subdvisioncan
not reducethe numberof trianglesper cell, for exampleif
too mary primitivesoccupy the samepointin spaceg.g.at
verticeswith a valencehigherthanthe maximumnumbers
of triangles.

In orderto avoid suchexcessve subdvision in degen-
erateregions, we modi ed the subdvision criterion: The
deepeithe subdiision, the moretriangleswill betolerated
per cell. We currentlyincreasethe tolerancethresholdby
a constantfactor for level of subdvision. Thuswe gen-
erally obtain signi cantly lower BSP treesand larger leaf
cellsthanfor staticobjects.

With thesecompromisen BSP tree construction,un-
structuredmotion for moderate-size@bjectscan be sup-
ported by rehuilding the respectie object BSP at every
frame. However, thesecompromiseslsoleadto moretri-
anglegercell, andthereforeo asomevhatslovertraversal
speed.

4.4 Efcient Traversal

Having a separat@cceleratiorstructurefor every object
allows for efciently intersectingeachray with its geome-
try. However, a scenemay containmary objectinstances
requiringanadditionaldatastructurefor ef ciently travers-
ing thelist of instances.

We also use a BSP tree for the top-level acceleration
structure(Figure 2), which allows us to usethe sameef -
cient, stable,andreliablealgorithmsfor traversingthe top-
level BSP asfor objects. The only differenceis that each
leaf cell of thetop-level BSPtreecontainsalist of instance
ids insteadof triangleids. Only minor changesvherere-
quiredto implementthis modi ed traversalcode.

As with theoriginalimplementationarayis rst clipped
to the sceneboundingbox andis thentraversediteratively



throughthe top-level BSPtree. As soonasit encounte@

leaf cell, it sequentiallyintersectgheray with all instances
in this cell: For eachinstancetherayis rst transformed
to the local coordinatesystemof the object,andthe trans-
formedray is thenbeingintersectedwith the objectusing

the original algorithms. Traversalstopsas soonasa valid

hit pointis foundinsidethe currenttop-level cell. The cost
of intersectingaray with thesameobjectmultipletimescan
ef ciently beavoidedwith mail-boxing[10].

4.5 FastTop-Level BSP Construction

While traversalof thetop-level BSPrequiredonly minor
changedo the original implementationthis is notthe case
for theconstructioralgorithm.As describedabove, ascene
can easily containseveral thousandnstances.A straight-
forwardBSPconstructiorapproactwould betoo costlyfor
interactve use.Onthe otherhand,thetop-level BSPis tra-
versedby everyray, andthushasto be sufciently ef cient
for ray traversal.

Fortunatelythetaskof building thetop-level BSPis dif-
ferentthanfor object BSPsthus simplifying the problem:
Object BSPsrequire costly triangle-in-cell computations,
careful placementof the splitting plane, and handling of
degeneratecases. In contrast,the top-level BSP contains
only instancesepresentetly anaxis-alignecdoundingbox
(AABB) of its transformedobject. Consideringonly the
AABBSs, optimized placementof the splitting plane be-
comesmucheasierandproblematiccasecanbe avoided.

For splitting a cell, we incorporateseveralobsenations:

1. Itis usuallybene cialto subdvide acell in thedimen-
sion of its maximumextent, asthis usuallyyieldsthe
mostwell-formedcells[8].

2. Placemenbf the BSP planeonly makes senseat the
boundaryof objectscontainedwithin the currentcell.
This is dueto the fact that the cost-functioncan be
maximalonly at suchboundariesse€[8].

3. It can beenshawn that the optimal position for the
splitting planelies betweerthe cells geometriccenter
andthe objectmedian[8]

Usingthesethreeobsenations the BSPtreecanbebuilt
in a way that it is both suitedfor fasttraversalby opti-
mizedplaneplacementandcanstill bebuilt quickly andef-
ciently: Foreachsubdvisionstepwetryto nd asplitting
planein thedimensionof maximumextent(obsenationl).
As potentialsplitting planes,only the AABB borderswill
be consideredobsenation?). In orderto nd agoodsplit-
ting plane,we rst split the cell in the middle, and decide
whichsidecontainamoreobjectsj.e. which containthe ob-
jectmedian.Fromthis side,we choosethe objectboundary
thatis closesto the centerof thecell. As such,thesplitting

planelies betweencell centerand objectmedian,which is
generallyagoodchoice(obsenation3).

If no splitting planecan be found in the dimensionof
maximumextent,the othertwo dimensionawill bechecled
in turn. If neitherdimensionyields a valid splitting plane,
no subdvisionsarenecessargany more,andaleaf cell will
becreatedseeAlgorithm 1).

Algorithm 1 Algorithm for building thetop-level BSPtree.
BuildTree(instances,cell)
for d = x,y,zin orderof maximumextent
P= imin; imax i ingtances
¢ = centerof cell
if (moreinstance®n left sideof ¢ thanonright)
p=max(p Pp c)
else
p=min(p Pp c)
if (p insidecell)
{leftv ox,leftinst,rightwox, rightinst}
= SplitCell(instances,cell,p)
BuildTree(leftinst,leftox);
BuildTree(rightinst,rightex);
return;
# novalid splitting planefound
cell = Leaf(instances)

Thisway, theconstructioralgorithmyieldsanoptimized
BSPsubdvisionthatbetraversedjuickly while usingafast
andef cient algorithmfor BSPtreecreation.As eachsub-
division stepremovesat leastone potentialsplitting plane,
terminationof the subdvision can be guaranteedand no
specialmeasurehave to be taken to avoid excessie sub-
division. Choosingthe splitting planein the describedvay
alsoyieldsrelatively smallandwell-balancedBSPtrees.Fi-
nally, degeneratecasesasfor trianglescannothappenfor
axisalignedboundingboxesasonly boundariesreconsid-
ered,andnottheoverlappingspacadtself.

5 Results

For testingour systemwe have choserto usethe BART
benchmarksceneswhich representiwide variety of stress
factorsfor raytracingof dynamicscene$12]. Additionally,
we useseveralof thesceneshatwe encountereéh practical
applicationd25], andafew custom-madscenegor stress-
testing.Snapshotsf testscenesanbefoundin Figure6.

All of the following experimentshave beenperformed
on a cluster of dual AMD AthlonMP 1800+ machines
with a FastEthernehetwork connection. The network is
fully switchedwith a gigabitethernetconnectiorto a dual
AthlonMP 1700+sener. Theapplicationis runningon the
sener andis unavareof the distributedrenderinghappen-
ing in therenderingengine. It managedhe geometryin a



from the BART

Figure 3. Two snapshots
kitc hen. Left: OpenGL-like shading running
at >26 fps on 32 CPUs. Right: full y-featured
ray tracing with shadows and re ections (re-
ection depth 3)running at>4fps on 32 CPUs.

scenegraph,andtransparentlycontrolsrenderingvia calls
to the OpenR API. All examplesarerenderedat aresolu-
tion of 640 480.

5.1 BART Kitchen

The Kitchen scenecontainshierarchicalanimationsof
110.000trianglesdivided across5 objects. This resultsin
negligible network bandwidthand BSP constructionover-
head. Overlap of boundingboxesmay resultsin a certain
overheadwhichis hardto measurexactly but is de nitely
notamajorcostfactor

The main costof this sceneis dueto the needto trace
mary raysdueto shadavs from 6 point lights anda high
degreeof re ectivity on mary objects. Due to fastcam-
eramotion andhighly curved objects(seeFigure 3), these
raysareratherincoherentHowever, theseaspectarecom-
pletelyindependensf the dynamicnatureof the sceneand
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 measuredate of
526.000raystracedpersecondandCPU in this scenethis
translatingto a framerate of 4.3 fps on 32 CPUs. Scala-
bility is almostlinear (seeTable 1) — usingtwice asmary
CPUsresultsin roughlytwice theframerate.

CPUs | 2 4 8 16 32
OpenGL-like | 1.7 34 6.8 13.6 >26
RayTracing | 0.25 0.5 1.05 2 4

Table 1. Scalability
frames/sec.

in the Kitchen scene in

5.2 BART Robots

The Robotsscenevasmainly designedor stressinghi-
erarchicalanimation. 16 Robotsmove througha comple
city with hierarchicalanimationof their body partsorga-
nizedinto 161 differentobjects.All dynamicmotionis hi-
erarchicalwith nounstructurednotion. Thereforethe BSP
treesfor all objectshave to bebuilt only once,andonly the
top-level BSPmustberetuilt 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 top-le 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 algorithms describedabove, retuilding the
top-level BSPis very ef cient takinglessthanonemillisec-
ond(seeTable2). Furthermoreyupdatinghetransformation
matricesrequiresonly a well tolerablenetwork bandwidth
of 20 kB/framefor eachclient.

CPUs | 2 4 8 16 32
OpenGL-like | 1.25 249 5.1 10 20
RayTracing | 0.24 0.48 1.01 201 4

Table 3. Scalability
frames/sec.

in the Robot scene in

With sucha smalltransmissiorandreconstructiorover-
head,we againachieve almost-linearscalability (see Ta-
ble 3) and high renderingperformance.Using 32 CPUs,
we achieve a framerateof 4 framespersecond Again, the
high costof this scenes dueto the large numberof re ec-
tion andshadaev rays. Using a simple OpenGL-like shader
(seeFigure4) resultsin frameratesof morethan20 frames
persecond.

5.3 BART Museum

The museumhasbeendesignedmainly for testingun-
structuredmotion and is the only BART scenefeaturing
non-hierarchicaimotion. In the centerof the museumsev-
eral trianglesare animatedon prede nedanimationpaths
to form differentlyshapecbjects.The numberof triangles
undepgoing unstructuredmotion can be con gured to 64,
256, 1k, 4k, 16k, or 64k.



Figure 4. The Bart Robots: 16 robots consist-
ing of 161 objects rendered interactivel y. Left
image: OpenGL-like shading at >20 fps on 32

CPUs. Center image: standard ray tracing
(re ection depth of 3) at >4 fps at 32 CPUs.
Right image: a color -coded version showing
the diff erent objects.

Eventhoughthe completeanimationpathsarespeci ed
in the BART scenegraph,we do not make useof this in-
formation. Usercontrolledmovementof the triangles,i.e.
without knowledge of future positions, would createthe
sameresults.

As canbeexpectedunstructurednotionbecomegostly
for mary triangles. Building the BSPtreefor the complex
versionof 64ktrianglesalreadyrequireamorethanonesec-
ond (seeTable 4). Note, however, that our currentalgo-
rithms for building object BSP treesstill leaves plenty of
roomfor furtheroptimizations.

Furthermorethereconstructiortime s stronglyaffected
by the distribution of trianglesin spacein the beginningof
theanimationall trianglesareequallyandalmost-randomly
distributed. This is the worstcasefor BSPs which arebest
at handlinghighly unevendistributions,andconstructions
consequentlgostly Duringtheanimation thetrianglesor-
ganizethemselesto form a singlesurface. This resultsin
muchfasterreconstructioriime. The numberggivenin Ta-
ble 4 aretaken at the beginning of the animation,andare
thusworst-caseesults.

Apart from raw reconstructiorcost, signi cant network
bandwidthis requiredfor sendingall trianglesto every
client for every frame. Sincewe usereliable unicastfor
network transport4096trianglesand16 clients(32 CPUs),
resultingroughly 6.5 MB have to be transferred Table4).
Thoughthis doesnot yet saturatethe network, the perfor
manceof the sener is alreadyaffected. Consequentlywe
do not scalecompletelylinearly ary more(seeTable6).

This scenealso requiresthe computationof shadavs
from two pointlights aswell aslarge amountf re ection
rays. All of the moving trianglesarere ective andinco-
herentlysamplethe whole ervironment(seeFigure5). As
the dynamicbehaior of a scenels completelytransparent
to the shadersintegratingall theseeffectsdoesnot require

num. reconstruction datasent/client

triangles time (in msec) (in bytes)

museum3 64 1 6,4k
museum4 256 2 25,6k
museum>5 1k 8 102k
museum6 4k 34 409k
museum? 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 only species the number of
triangles under going unstructured motion.

ary additionaleffort exceptfor the costfor tracingtherays.

Evenwith all theseeffects— unstructurednotion, shad-
ows, andhighly incoherente ections on maving objects—
the museunctanberenderednteractively: Using 8 clients,
we achieve 4.8 fps for 1024 triangles,andstill 4.2 fps for
4096trianglesin videoresolution.Again, the framerateis
dominatedy thecostfor shadevsandre ections. Usingan
OpenGL-like shademwithout theseeffectsallows to render
thesceneat 19 framesperseconcdn 8 clients.

Figure 5. Unstructured motion in the BART
museum: Up to 64.000 triangles are moving
incoherentl y through the room. Note espe-
cially how the entire environment re ects in
these moving triangles (right).

5.4 Outdoor Terrain

The Terrainscenehasbeenspeci cally designedo test
the scalability with a large numberof instancesand trian-
gles. It containsup to 661 instancesof 2 differenttrees,
which correspondso roughly 10 million trianglesafterin-
stantiation. A point light sourcecreateshighly detailed
shadaevs from the leaves (seeFigure6). All treescanbe
movedaroundinteractiely, bothin groupsor individually.

The large number of instancesresultsin construction
timesfor thetop-level BSPof upto 4 msecperframe. This



cost— togetherwith the transmissiorcostfor updatingall
661linstancematricesonall clients— limits the scalability
for alarge numberof instancesandclients(seeTable6).

6 Discussion

The above scenestressour dynamicray tracingsystem
in differentareas.Togethemwith theterrainexperimentour
testscenesontaina strongvariation of parameterstang-
ing from 5 to 661instancesfrom afew thousando several
million triangles,from simple shadingto lots of shadavs
andre ections,andfrom hierarchicanimationto unstruc-
turedmotionof thousandf triangles(for anoverview, see
Figure6). Takentogethertheseexperimentsallow to ana-
lyze andevaluateour methodwith respecto mary different
aspects.

Transformation Cost The coreideaof our methodwas
to avoid rehuilding the completedatastructure,but rather
transformthe raysto the coordinatesystemof eachobject
whenever possible.Thisimpliesthatevery ray intersecting
a objecthasto be transformedo that objectslocal coordi-
natesystemvia matrix-vector multiplicationsfor both ray
origin anddirection, resultingin several matrix operations
perray. As our systemshootsapproximatelyhalf a mil-
lion rayspersecondon an AthlonMP 1800+CPU, this can
amountto hundredf thousandsf matrix-vectormultipli-
cationsperframe (seeTable5). Furthermoremoretrans-
formationsareoftenrequiredduringshadingg.g. by trans-
forming the shadingnormal or for calculatingprocedural
noisein thelocal coordinatesystem.

| Ofce Terrain Robots
objects 9 661 161
matrixops | 480K  1600K 1000K

Table 5. Number of the matrix-vector multi-
plies for the scenes in our benchmark scenes
(resolution 640x480). Note, a matrix opera-
tion can be performed in only 23 cycles even
in plain C code, whic h is negligib le compared
to traversal cost.

However the costfor thesetransformationis ratherlow
in practice.Evenfor a straight-forward C-codeimplemen-
tation,a matrix-vectoroperationcostsonly 23 cycleson an
AMD Athlon MP CPU, which is almostnggligible com-
paredto the costfor tracingaray, whichis in the orderof
several hundredto a thousandcycles. The costfor matrix
operationgouldbefurtherreducedy replacingghematrix-
vectormultiplicationsby SSEcode[9].

Unstructured Motion As could be expected,the Mu-
seumscenehas shovn that unstructuredmotion remains
costly for ray tracing. A moderatenumberof a few thou-
sandindependentlynoving trianglescanbe supportedput
larger numberswould lead to intolerable reconstruction
timesfor therespectie objects(seeTable4). As such,our
methodis still not suitablefor sceneswith strongunstruc-
turedmotion.

To supportsuchscenesalgorithmsfor fasterreconstruc-
tion of dynamicobjectshave to be developed. Note that
our method could also be combinedwith Reinhardsap-
proach[20] by usinghis methodonly for the unstructured
objects. Eventhen,lots of unstructurednotion would still
createa performanceproblemdueto the needto sendall
triangle updatedto the clients. This is not a limitation of
our speci ¢ method,but would be similar for ary kind of
algorithmin adistributedervironment.

Bounding Volume Overlap One of the stresscasesde-
ned in [12] wasBoundingVolume Overlap. In fact, this
resultsin someform of overheadasit limits early ray ter-

mination. All instancesmustbe testedsequentiallyin the
overlapareaasavalid intersectiorcomputedn the rst ob-

ject might not be visible dueto beingoccludedby another
instance.

Thoughit would be easyto constructscenarioswvhere
this would leadto excessve overheadthis is rarely signi -
cantin practice.Boundingvolumeoverlapdoeshappensn
all our testcaseshut hasnot provena major performance
problem.In fact, overlappingobjectsareidenticalto using
boundingvolumehierarchiegBVHSs) [7] asanacceleration
structure which have provento work well in practice.

Over-Estimation of Object Bounds Building the top-
level BSPrequiresanestimateof the boundingbox of each
instancein world coordinates.As transformingeachindi-
vidual vertex would be too costly, we consenratively esti-
matethisboundshasednthetransformedoundingbox of
theoriginal object.

This sometimesover-estimateshe correctboundsand
resultsin someoverheadDuring top-level BSPtraversal,a
ray maybeintersectedvith anobjectthatit would nothave
intersectedtherwise.However, this overheads restricted
to only transformingand clipping the ray: After transfor
mation to the local coordinatesystem,sucha ray is rst
clippedagainstthe correctboundingbox, and canthusbe
immediatelydiscardedvithout furthertraversal.

Teapot-in-a-Stadium Problem The teapot-in-a-stadium
problemis handledvery well by out method: BSP trees
adaptautomaticallyto varyingobjectdensityin ascend8],
which solves the problemfor both objectsand top-level



BSR In fact, our methodeven allows to increaseperfor
mancefor thesecasesif the'teapot'is containedn asepa-
rateobject,the shapeof the'stadium'BSPis usuallymuch
better: The teapotobjectis alreadyenclosedn tightly t-
ting boundswithout usingseveraladditionalBSPlevelsto
tightly enclosetheteapot.

Scalability with the number of Instances Apart from
unstructuredmotion, the main cost of our methodresults
fromtheneedto recomputaéhetop-level BSPtree.As such,
a large numberof instancedecomesxpensve, ascanbe
seenin the Terrainscene.Still, eventhe thousandcomplex
instanceganberenderednteractively, andusingonly afew
dozeninstance$iasnegligible impact.

As such,the numberof instancesshouldbe minimized
in order to achieve optimal performance. It is generally
much fasterto use a few, large objectsinsteadof mary
small ones. All statictrianglesin a sceneshouldbestbe
storedin a singleobject,insteadof usingmultiple objects.
Thisis completelydifferentto OpenGLsapproactof using
mary, smalldisplaylists, andstill requiressomeamountof
manualportingandoptimizationwhenportingapplications
from OpenGLto OpenR.

Ontheotherhand,supportingnstantiation(i.e. usingex-
actly the sameobjectmultiple timesin the sameframe)is
a valuablefeatureof our method,asthis allows to render
comple environmentsvery ef ciently: With instantiation,
memoryis requiredfor storingonly the two original trees
andthe top-level BSR allowing to rendereven that mary
triangleswith a smallmemoryfootprint. For OpenGLren-
dering, all triangleswould still be handledindividually by
the graphicshardwareevenwhenusingdisplaylists.

Scalability in Distributed Environments As could be
seenby the experimentsin Section5, we achieve rather
goodscalabilityevenfor mary clientsexceptfor sceneshat
requireto updatea lot of informationon all clients,i.e. for

a high degreeof unstructurednotion (whereevery moving

trianglemustbe transmitted)andfor a large numberof in-

stances.

In the terrain scene,using 16 clients would requireto
send676 KB? perframesimply for updatingthe 661 trans-
formationmatriceson the clients. Thoughthis datacanbe
sentin acompressefbrm, loadbalancingandclient/serer
communicationfurther adds to the network bandwidth.
Without broadcast/multicadunctionality on the network,
the sener bandwidthincreasedinearly with the numberof
clients. For mary clientsandlots of updatediata,this cre-
atesabandwidthbottleneckonthesener, andseverelylim-
its the scalability(seeTable6).

2g61linstances 16 clients (4 4) oats

In principle, the sameis true for unstructuredmotion,
wheresendingsereralthousandrianglesto eachclientalso
createsanetwork bottleneck Ontheotherhand,bothprob-
lemsarenot speci ¢ to our method,but apply for ary kind
of distributedrendering.

OpenGL-like 1 2 4 8 16

Robots 125 249 51 10 20
Kitchen 17 34 68 13.6 26(-)
Terrain 0.68 1.34 255 476 8.33
Museum/1k 27 54 102 195 26(-)

Museum/4k 25 45 75 45 2.5
Museum/16k| 1.6 24 1.7 1 0.5

RayTracing 1 2 4 8 16

Robots 0.24 048 1.01 2.01 4
Terrain 0.3 06 1.19 2.29 4.26
Kitchen 0.25 0.5 1.05 2 4

Museum/1k 06 12 24 48 93

Museum/4k | 0.55 1.1 22 42 25
Museum/16k| 0.45 0.9 1.65 0.98 0.53
Table 6. Scalability of our method in the

different test scenes. '-' means that the
servers network connection is completel y
saturated, and thus no higher performance
can be achieved. The numbers in the upper
table correspond to pure OpenGL like shad-
ing, the lower one is for full ray tracing includ-
ing shado ws and re ections.

Total Overhead In orderto estimatethe total overhead
of our method,we have comparedseveral scenesn both
a staticanddynamiccon guration. As thereare no static
equialentsfor the BART benchmarkswe have taken sev-
eral of our statictestscenesand have modi ed themin a
way that they canbe renderedin both a static con gura-
tion with all trianglesin a single, static BSP tree, and in
a dynamiccon guration, wheretrianglesare groupedinto
differentobjectsthatcanthenbe moveddynamically

Note, however, thatthe total performances affectedby
severalfactors.Eventhoughtransformatiorandreconstruc-
tion costleadto overheadusinga hierarchycanalsohave
positive sideeffects. For example having smallandcompli-
catedobjects(e.g. teapotsin a stadium)containedn sep-
arateobjectscanleadto BSPtreesthat are actually better
situatedhanthosefor asinglestaticBSPtree,andcaneven
resultin fastertraversal.



For the sceneghat are available in both static and dy-
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 have presented simpleandpracticalmethodfor in-
teractve ray tracingof dynamicsceneslt supportsa large
variety of dynamicscenesincluding all the BART bench-
markscenegseeFigure6). It imposesolimitationsonthe
kind of raysto be shot,andassuchallows for all the usual
ray-tracingfeaturedik e shadevs andre ections.

For unstructurednotion, our methodstill incursa high
reconstructiorcostperframe,thatmakesit infeasiblefor a
large numberof incoherentlymoving triangles.For amod-
erateamountof unstructurednotionin the orderof a few
thousandmoving triangles,however, it is well applicable,
andresultsin frame ratesof several framesper secondat
videoresolution.

For mostly hierarchicalanimation— asoftenappliedin
scenggraphs— ourmethods highly ef cient, andallowsto
interactvely renderevenhighly complex modelswith hun-
dredsof instancesandmillions of trianglesperobject[23].

With our proposedmethod,we have beensuccessfully
able to interactiely ray trace all the dynamicsceneswve
have encounteredofar. To ourknowledge,thisis the rst
time thatthe BART benchmarlsuitehasbeeninteractvely
raytracedatall. Usingonly anOpenGLlike shadingnodel
anda small clusterof commodityPCs,morethan15to 20
framespersecondcanbeachievedin mostscenes.

With the uniqueadvantage®f ray tracing— now com-
binedwith the e xibility to handledynamicernvironments
— we believethatinteractive raytracingis asigni cant step
closerto be aviable alternatve to trianglerasterizatiorfor
futureinteractve 3D graphics.

8 FutureWork

Eventhoughrehuilding thetop-level BSPhasnotproven
to be a major problem,we would be ableto organization
objectsinto ahierarchyinsteadof a at list. Thiswould fur-
therlimit the numberof objectsaffectedby alocal change.
As mostof the updateddatais the samefor every client,
the supportof network broadcast/multicastould beavery
simplesolutionto the bandwidthproblem,asthe transmis-
siontime would not be affectedby the numberof clients.

In orderto avoid the scalabilitybottleneckdueto trans-
missioncoston the network and BSP constructioncoston
all clients, future work will investigatealgorithmsfor lazy
loading of the geometryand for lazy constructionof the
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BSPtrees. Unstructurednotion could be improvedby de-
signing specializedalgorithmsfor caseswhere motion is
spatiallylimited in someform, suchasfor skinning.

We arealsoinvestigatinghow existing applicationscan
be mappedo our method,e.g. by evaluatinghow a scene
graphlibrary suchasOpenlrventoror VRML canbeef-
cientlyimplementecn top of our system.
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Figure 6. Some example frames from several dynamic scenes. From top to bottom: The BART robots
scene contains roughly 100.000 triangles in 161 moving objects. Below 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 simulation, and demonstrates that
the method works fully automaticall y and completel y transparentl y to the shader.
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