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Abstract

With therecentadvancesin raytracingtechnology, high-
quality image generation at interactiverateshas�nally be-
comea reality. Asa consequenceraytracingwill likelyplay
a larger role in visualizationsystems,enablingtheconcep-
tionandcreationof completelynew interactivegraphicsap-
plications.

In thispaperwedescribethedesignanddevelopmentof
a ray tracing-basedVRML browserand editor as a case
study of such an application. It exploits all advantages
of ray tracing, including physically-correct plug and play
shadingandsupportfor largemodels.

In particular we demonstrate how to overcomethe lim-
itations that resultfromexistingscenegraph librariesand
dataexchange formatsstill beingtargetedtowardsrasteri-
zationtechnology. Alsoweshowhowto extendtheVRML
lighting modelandto optimizescenegraphhandlingfor ray
tracing.

1 Intr oduction

Over thelastyearsvirtual reality (VR) hasfoundits way
into industrialdesignprocessesin particularin theautomo-
tive industry. Thecreationof realisticimageryis animpor-
tantgoalasit is ofteneasier, lessexpensive,andmoreeffec-
tive thanmanufacturingmockupsandprototypes.Ideally, a
usershouldbeableto alsointeractwith themodelandmod-
ify its design,while obtaininghigh-qualityvisual feedback
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thatalsosupportsquantitative evaluation.Only theknowl-
edgethatthevisualresultsarereliableandcorrectwithin a
quanti�able errorboundallows theuserto trust the results
andbaseimportantdesigndecisionson them.

Thealmostexclusiveuseof rasterization-basedhardware
in currentVR systemsmakesit hardto obtainreliablere-
sults becauseit relies on the useof approximationseven
for suchsimple optical effects as shadows and re�ection.
A real-world examplefor theneedfor reliableresultsis the
factthatin awell-known carmodeltheair ventsin thedash-
boardre�ect off of thecurvedsidewindows exactly where
they interferewith the backward visibility via the left side
mirror. Becausevirtual mockupsdid not allow this re�ec-
tion to bevisualized,this �a w wasonly discoveredwhenit
wastoo lateto be�x ed.

Dealingwith theselimitations of rasterizationtechnol-
ogy hasbeendif�cult if not impossibleandwould require
extensive changesto applications. However, becauseray
tracingcloselymodelsthephysical transportof light [9], it
canprovidecorrectresultseasily. An obviousstepwouldbe
to implementapractical,scenegraphdrivenVR application
basedon therecentresultsin real-timeray tracing.

Raytracingsimpli�es themodelinganddesignprocess,
whereindividual objectsandtheir materialpropertiesmay
bede�ned independently, while theunderlyingray tracing
engineautomaticallycombinesthe shadingresultsto the
correctimage.Thereis noneedto dealwith complex multi-
passrenderingin theapplication.Anotherinherentfeature
of ray tracingis its ability to ef�ciently handlehugescene
descriptionswith tensof millions of primitives.This is due
to its logarithmic time complexity with respectto model
sizeandits ef�cient occlusionculling.



Typical interactive applicationsoperatewith graphical
modelson a higher level by making use of scenegraph
libraries in order to aid in scenemanagement. Exam-
ples are OpenGL Performer[13], OpenInventor [19], or
OpenSG[12]. Unfortunately, all thesescenegraphsystems
are designedand optimized to run on rasterizationhard-
ware.Apart from performanceissuesthis leadsto themajor
drawbackthat advancedray tracingfeaturescannotbe ad-
equatelyexploited, e.g. thereusually is no way to specify
shaderplug-ins. On the otherhandscenegraphsoften in-
corporatespecialdisplaymodeslike multi-passrendering
thatareobsoletein combinationwith a ray tracingengine.

Similar problemsarise from conventional �le formats
usedfor exchangeof modelssuchasVRML [7]. Sincethey
too assumerenderingvia rasterization,they only provide
�x ed,simpli�ed lighting modelswith limited parameters.

In this paperwe presentour implementationof an in-
teractive VRML browsersystemthat tries to exploit most
of the bene�ts of ray tracing in combinationwith �e xible
scenegraphhandling. In particularwe focus on dealing
with thedescribeddif�culties.

Therestof thepaperis organizedasfollows: Section2
startswith an overview of VRML and our system's ar-
chitecture. Section3 takes a closerlook at actual imple-
mentationissuesanddiscussesnecessaryextensionsto the
VRML speci�cationaswell asscenegraphoptimizationsin
the context of real-timeray tracing. Resultsarepresented
in Section4, followed by conclusionsandsomethoughts
aboutfutureextensionsin Section5.

2 SystemOverview

Our browserVRML Viewer (VV) builds on threemain
subsystemsasillustratedin Figure1. The�rst subsystemis
theXRML library [2], which implementstheVRML scene
graph and is responsiblefor importing VRML formated
models. The next layer is madeof the OpenRT API [8],
a low-level graphicsinterfaceto ray tracing-basedrender-
ing enginesthat is very similar to OpenGL[11, 1]. Hereit
is usedto drive thedistributedRTRT [17, 15,18] real-time
ray tracing enginethat performsthe actualrenderingand
optionallyalsosomegloballighting simulation.

2.1 VRML97

The Virtual Reality Modeling Language (VRML) [7]
is a �le format for describinginteractive 3D objectsand
worlds.1 VRML hasbeendesignedto �t into the exist-
ing infrastructureof the Internetand the world wide web

1VRML 1.0 wasoriginally basedon theOpenInventor®le formatbut
did not de®neanAPI. LaterVRML 2.0wascreatedto extendthecapabil-
ities of VRML 1.0 to includeanimation,interaction,andmodelbehavior.
ThesubsequentISO/IECVRML standardis alsoknown asVRML97.

VRML Viewer

Extensible Scene Graph Manager
XRML

Application Programming Interface
OpenRT

Real-Time Ray Tracing Engine
RTRT

VV

Figure 1. Relation of the basic components of
the presented VRML browser system.

but is alsomeantasauniversalinterchangeformatfor inte-
grated3Dgraphicsandmultimedia.An exampleof asimple
VRML scenecanbeseenin Figure2.

VRML hasbeenchosenastheprimary input format for
our ray tracing-basedbrowserfor two main reasons:First,
it canbe seenasa de factostandardexchangeformat for
VR model data. Thereforemost industrial CAD systems
areableto directly export VRML �les. Secondly, VRML
not only describesstaticscenes.It alsosupportsdynamic
behavior andprovidesfeaturesfor advanceduserinteraction
(seeSection4).

2.2 XRML

Insteadof usinga full featuredscenegraphlibrary, e.g.
OpenInventor, we opted for the ExtensibleSceneGraph
Manager packageXRML [2] due to its lightweight and
modularstructurethat enablesa simpleradaptationto the
ray tracingback-end.

XRML suppliesa numberof C++ classesto aid with
the import, creation, and managementof VRML scene
graphstructures. Although XRML is mainly focusedon
VRML97, its modularform allows for importing and ex-
portingother3D graphicsformatsaswell astheextension
of its graphnodehandlingcapabilities.

2.2.1 Data Types

In XRML, all elementary VRML data types (e.g.
SFInt32 , SFVec3f , or MFNode, see[7]) have directly
correspondingC++ classes. Consequently, all supported
VRML nodesare also representedby appropriateC++



#VRML V2.0 utf8

Transform f
translation 0 0 5
children

Shape f
appearance Appearance f

material Material f
diffuseColor 1 0 0

g
g
geometry Sphere f

radius 0.5
g

g
g

Figure 2. VRML97 scene description example .
A diffuse red sphere is displa yed at the center
of the screen if viewed with default camera
settings.

classes.Theseinclude�eld dataandpointersto child nodes
plusmanipulationmethods,e.g.to modify thenode's state
in caseof arriving events.

2.2.2 SceneGraph Traversal

Invoking therender() methodon theXRML world ob-
ject initiatesa top-down scenegraphtraversal,recursively
calling the render() memberfunctionsof all nodeob-
jects and their children. This procedureis typically ap-
plied to renderthe virtual world at its currentstate. How-
ever, the actualimagegenerationis controlledby a sepa-
rate renderer object that implementscallbackroutines
for everynodetype.Theseroutinesarethenactivatedby the
nodesin thegraphduringtraversal.Thisway, differentren-
deringmodesmayberealizedby replacingtherenderer
object, which is of particularinterestfor our purposesof
employing a ray tracingback-endinsteadof a rasterization
engine. A moreprecisedescriptionof this processis pre-
sentedin Section3.

2.2.3 Event ExecutionEngine

During thegraphtraversal,initial events(e.g.timer events)
aregenerated,which causesmessagesto be sentto nodes.
Receiving nodesaltertheir stateaccordingto thesesignals,
possiblygeneratingnew eventsandappropriatemessages.
An event executionenginehandlesthe routingof all these
events. Due to resultingmodi�cations to the scenegraph,
dynamic behavior like animationor user interactioncan
be realized. Additionally, �ags aremaintained,recording
changesbetweenframes.

2.2.4 NodeExtensionMechanism

An importantmotivation behindthe XRML packageis its
ability to easily extend the set of standardnodes. Thus,
it enablesthe supportof graphicalapplicationsfor which
VRML wasnotdesignedin the�rst place,suchasadvanced
illumination algorithmsin our case. New nodesare im-
plementedwith the help of independentlycompiledC++
plug-in libraries. In order to easeconstructionof custom
nodes,XRML comeswith anutility called“nodegen”. This
tool takesconcisenodespeci�cationsin a similar form as
in [7] as input and producesC++ headerand codeskele-
ton �les. Most methodssuchasconstructorsandparsing
functionsaregeneratedautomatically. Only the above in-
troducedrender() functionhasto beimplementedman-
ually by extendingtherenderer class.In fact,largeparts
of the XRML codefor standardVRML nodeshave been
producedby “nodegen”.

2.3 OpenRT

OpenRT[8] servesasa low-level graphicsrenderingin-
terfacethatallows easycreationof interactive applications
basedon ray tracing. OpenRT is syntacticallyvery similar
to OpenGL[11, 1], awell-known andwidely acceptedpro-
gramminginterfacefor 3D graphics.Thissimpli�es porting
of existingapplications,includingscenegraphlibrarieslay-
eredon topof OpenGL.

All featuresof interactive ray tracingneededfor high-
quality imagegenerationaresupported.Theability to shoot
arbitrary rays enablesphysically-correctlighting simula-
tions. Also, shaders, i.e. customfunctionsthat control il-
luminationcalculations,canbe appliedin a plug andplay
manner, while theray tracerautomaticallyproducesanac-
curatecombinationof thedesiredshadingeffects.

The OpenRT API is composedof two sub-interfaces:
The core OpenRTapplication programminginterfaceas-
sists an applicationin specifying geometricobjects, tex-
tures,transformationsetc. in a way muchlike OpenGL.In
many casesthe usual“gl” pre�x canjust be replacedwith
“rt”. For example,all the usualOpenGLgeometricprim-
itives are available, and are issuedby implementingcus-
tomaryrtBegin() /rtEnd() statements.The OpenGL
API hasbeenextendedto allow for loadingprogrammable
shaderplug-ins,andfor settingtheirparametersvalues.The
OpenRTSshadinglanguage API presentsshaderswith a
commoninterfaceto the renderer. It givesaccessto geo-
metricandlighting informationat theshadingsite.

2.3.1 Relation to OpenGL

Although thereareclosesyntacticalsimilarities,OpenGL
andOpenRT differ in four main areasdueto the different
underlyingrenderingalgorithms.



Rendering Semantics. Unlike OpenGL's direct render-
ing approach,OpenRT managesthesceneusingobjectsas
it must have accessto the entire model for implementing
global optical effects. It usesgeometricobjectsthat en-
capsulateprimitives,while shaderobjectsrepresentthesur-
face's optical characteristicsusing texture objectsfor tex-
turemapping.

Geometryis thenboundto shadersthat containappro-
priateappearanceparameters.Becausethewholescenehas
to be speci�ed prior to any visibility calculations,thereis
no OpenGL-like immediaterenderingmode.Also no state
machineexistsduring rendering,sochangesto theparam-
etersof a particularshaderaffect all boundgeometrywhen
thenext frameis rendered.

Objectsand Instantiation. Despitesemanticdifferences,
OpenRT's object de�nition schemebehaves mostly like
OpenGL's display list handlingexcept that it cannothave
sideeffectsor effectsdueto globalstate.Objectshaveto be
instantiatedin orderto beeffective,similar to callingadis-
play list. Note,however, thatthiswill not triggerimmediate
visibility calculations.Instantiationcanbehighly ef�cient
for a ray tracerasit reducesthememoryfootprint andonly
affectsrenderingtime if actuallyvisible.

Multi-P assRenderingvs.Shaders. With OpenGL,more
complex lighting situationsare usually approximatedby
combiningimagesresultingfrom multiplerenderingpasses,
i.e. for shadowsor re�ections.Suchtrickscanbeusedwith
ray tracing too, yet they arenot necessarybecauseof the
ability to performphysically-correctlighting in asingleren-
dering step. Instead,independentlyimplementedshaders
canperformthesecomputationsdirectly.

Fragment and 2D Operations. Up to now, OpenRT
servesaspure3D graphicsinterface.2D imagingandfrag-
mentoperationslike stencil tests,alphatests,or blending
have no directOpenRT equivalents.Typically, sucheffects
canbeeasilyachievedthroughtheuseof suitableshaders.

2.4 RTRT

Our RTRT Real-Time Ray Tracing engineimplements
theOpenRT interface. It is designedasan interactive, dis-
tributed ray tracing enginethat supportsall the interest-
ing ray tracing effects outlined in Sections1 and 2.3 in-
cluding supportfor dynamicallychangingscenes.Similar
to OpenGL,RTRT currentlyonly implementstrianglesas
primitivesfor performancereasons.

Apart from a few assumptionsfor the sake of perfor-
mance(seenext Section),the inner workings of the core

are kept completelytransparentto the front-endapplica-
tion. Thus,we refer to previous publicationsfor morede-
tailsaboutits implementation[17, 15, 18].

3 Browser Implementation Issues

Producingasimplylightedstill imagefromsomeVRML
scenedescriptionviaOpenRT is fairly straightforward.The
exploitation of all the bene�ts of interactive ray tracing,
however, requirescarefuladjustmentof the above subsys-
tems,especiallywhencopingwith VRML limitations.

3.1 Rendering

Section2.2.2 alreadyreviewed XRML's modular ren-
dering conceptthat allows to freely replacethe render-
ing methods. XRML not only offers a baserenderer
class, it also brings along a ready-to-useOpenGL-based
renderer derivative.

Althoughthis classappliesonly basicOpenGLfeatures,
i.e. no multi-passrenderingor specialextensions,it still
makesuseof immediatemodegraphicsandOpenGLmate-
rial andlighting calls. As this is not supportedin OpenRT,
it is not suf�cient to just adaptsomecalls, and it is more
appropriateto write a custom-maderenderer. Neverthe-
less, large partsof the original classconsistof geometry
commandslike primitive de�nitions andmatrix operations,
which caneasilybecopiedandportedby just replacingthe
“gl” pre�x with “rt”.

VRML is not regardedasatruegeometricmodelinglan-
guage,becauseof its lackof richergeometricprimitivesand
modelingmechanisms.Still it offers moreprimitive types
thanOpenGLor OpenRT. Fortunately, this is notaproblem
of therenderer class,aseachavailableVRML geometry
nodeimplementationalreadyincludestriangletessellation
proceduresasalsorequiredby OpenGL.

Duringthetraversalstagewedonotperformany render-
ing operations,but only updatethescenedescriptionwithin
theOpenRT renderingback-end.Only aftertraversalof the
VRML scenegraph,the applicationtriggersrenderingby
calling rtSwapBuffers() .

3.2 Shading

For shadingpurposes,standardVRML is limited to a
singleappearancemodel,anextendedversionof theBlinn-
Phong[6] modelwith a singletexture. This severely lim-
its the appearancesand the realismthat can be achieved.
Becauseray tracing can easily support almost arbitrary
shaders,weneedto extendtheappearancemodelof VRML.

Weusedthenodeextensionmechanismof XRML (Sec-
tion 2.2.4)andthe “nodegen” utility to createseveral new
nodetypes. The most importantone,ORTAppearance ,



replacesthe original VRML Appearance node,andex-
tendsit by a new �eld namedshader . With anothernew
nodetype,ORTShader, that follows theshader �eld, it
is now possibleto assigna differentshaderobject to each
Shape and thereforeto the correspondinggeometricob-
ject. An examplecanbeseenin Figure3.

appearance ORTAppearance f
material Material f

diffuseColor 1 0 0
g
shader ORTShader f

name "Glass"
file "libGlass.so"
options [

"1f refractionIndex 1.5"
]

g
g

Figure 3. Appearance node extension. An
ORTAppearance node additionall y incorpo­
rates a shader �eld plus an ORTShader node .
In this example , it selects a glass shader plug­
in and initializ es the shader' s refractive inde x
parameter .

Thename�eld providestheshaderclassname,whereas
file pointsto thelocationof thecorrespondingsharedli-
braryplug-in. Additionally, anoptions �eld cancontain
oneor moreparameterstrings.Herewehave asingle�oat-
ing pointargument(1f) togetherwith its nameandinitial
value.

If a standardAppearance node is encounteredor
ORTAppearance includesno shaderde�nition, a default
shaderclasswill beinstantiatedthatimplementstheVRML
appearancemodel. In any case,wherea Material node
is present,theapplicationassumesthat the relevantshader
hasa built-in setof default parameterslots,which receive
thestandardVRML materialparameters.For example,the
diffuseColor value will be sent to a shaderparame-
ter also nameddiffuseColor . Note, that it is up to
the shaderto implementthem and usethem as intended.
A shaderis free to interpretthesevalueas it sees�t. So,
VRML materialsmayalsobeusede.g.by global illumina-
tion shaders.More informationaboutOpenRT shaderhan-
dling canbefoundin [8].

3.3 SceneGraph Mapping

It hasalreadybeenmentionedthatraytracingalgorithms
canhave sub-lineartime complexity with respectto scene
size. To this endthey maintainaccelerationstructures,i.e.
a hierarchicalspatialindex thatallows to quickly queryfor

geometryneara ray (RTRT utilizes k-d treesfor this pur-
pose[5, 10]).

Theseaccelerationstructuresmay be consideredan in-
ternal scenegraph,ontowhich anexternalone,i.e. theap-
plication's scenegraph,hasto be mapped.This mapping
is performedusing the OpenRT API. The applicationcan
optimizethis mappingby consideringthe usageof the ac-
celerationstructuresfor ray tracing.

3.3.1 Object Grouping

In analogy to OpenGL, the OpenRT API speci�ca-
tion offers multi-level geometricobject nesting, i.e. be-
tweenanrtBeginObject() /rtEndObject() de�ni-
tion rtInstantiateObject() callsareallowed.Each
single object maintainsits own (low-level) spatial index.
Theseobjectindicesaretheninsertedinto a high-level in-
dex. This schemelocalizesany changesandthusthecostly
updateof the index structurewhen changingpartsof the
scene.Only thehigher-level indicesmustthenbeupdated,
while all otherobjectsremainunaffected.

A straightforwardway to processa VRML scenegraph
would beto encapsulateeachShape's geometryinsidean
OpenRT object. Unfortunately, many small objectswould
addconsiderableoverheadwhenray traversalwould have
to switch often betweenhigh- and low-level indices. An
obvious solution is to group small static objectstogether.
However, this is notatrivial taskasthewholeVRML scene
graphmaypotentiallybechangedatany time. This is simi-
lar to anOpenGL-basedscenegraphlibrary trying to mini-
mizestatechangesduringrendering.

VRML includesno meansto signal which parts of a
sceneremainstaticovertime. Insteadwehavetouseheuris-
tics. Nodesthatmayreceive incomingevents,i.e. thathave
beenconnectedvia ROUTEstatements,indicatewherethe
scenegraphcan be split up. If thereare no further rout-
ingsbelow sucha point, subsequentnodeswill not change
throughevents. For example,if a transformationnodere-
ceivesevents,but its Shape childrennodesdo not,we can
combinetheminto onesingleOpenRT object. Conversely,
if e.g.a Shape nodeactsasan event receiver, it mustbe
put into aseparateobject.

In a VRML browser this optimizationworks very well
unlessnodesarecreated,destroyed, or moved at runtime.
ScriptingandtheExternalAuthoring Interface(EAI) have
theseoptions(seeSection3.4). Currently, we arerestricted
to scriptsthat do not perform suchactions. A trivial but
non-optimalsolutionwould beto rebuild thechangedhier-
archieswhenevernecessary. Note,thatcustomapplications
usuallyhave full controloverhandlingof thescenegraph.

ThecurrentRTRT versiononly implementsa two-level
index structureandmust �atten the hierarchy, which adds
someoverhead[14].



Figure 4. Industrial design applications. Both models are rendered interactivel y by our VRML browser.
Their VRML representations contain additional nodes to specify custom shader s. Left: A car head­
light featuring physicall y­correct re�ection and refraction. Right: A complete car, also visualiz ed in
a physicall y­correct manner using special glass and car paint shader s.

3.3.2 Dynamic Scenes

Handling dynamic VRML scenescan be easily accom-
plishedusingthehierarchicalindex structures.XRML itself
takescareof eventprocessing,andautomaticallymarksall
nodeswhose�elds have beenaltered.

OpenRT allows for changing object transformations
without having to rebuild theobject's index. For example,
whena Transform nodeis changed,we traverseits sub-
tree,andrecursively transformall associatedOpenRT ob-
jects. Eachsuchobjectmay actuallybe a combinationof
severalVRML child nodes(seeabove). Thiswill automati-
cally triggeranupdateof RTRT'shigh-level index k-d tree.

Non rigid body transformationsare somewhat more
complicatedasobjectsneedto bedeletedandmustberecre-
atedwith the updatedgeometry. Modi�cation of appear-
ancepropertiesis even simpleraswe just have to update
therelevantshaderparameters.

3.4 Scripting

In addition to the standardnodesthat provide means
for dynamicactions(e.g. PositionInterpolator ),
VRML includes Script nodes to incorporate pro-
grammablebehavior.2

WehaveextendedXRML with aplug-inscriptingmech-
anism, therebysigni�cantly extending its capabilitiesfor
animationand interactionwithout modifying the VRML
browser itself. Theseextensionsto the XRML library
alsoenableotherXRML-basedapplicationsto make useof
scripting.

Rather than hard-coding script interpreters, external
sharedlibrariesserve asscriptingengines. Specialcustom
nodesare usedto associateindividual scripting language
typeswith appropriateengineplug-ins. If a Script node

2ISO/IEC 14772 does not require browsers to support a speci®c
scripting language,however, it de®neslanguagebindings for Java and
ECMAScript.

includesa referenceto a �le containinga script program,
or if the script is inlined insidesucha node,an associated
library (if available)is loadedon demandandexecutesthe
script. Of course,onemay alsoapply enginesthat do not
evaluateany scriptingcodebut performhard-codedopera-
tions(e.g.input from externalsensors).

As an examplewe implementedan enginecapableof
interpreting Tcl/Tk scripts. This not only allows pro-
grammablebehavior but alsoenablesgraphicaluserinter-
faces,e.g.controlpanelsfor positioninggeometricobjects
or for modifyingshaderparameters.

4 Results

In order to evaluatethe bene�ts of combininginterac-
tive ray tracingandVRML scenegraphswe useda variety
of testscenes.Theserangedfrom industrialdesignappli-
cationsto complex global illumination situations. Exper-
imentswere conductedon a clusterof 8 commodityPCs
each�tted with two AthlonMP 1800+CPUsexecutingthe
distributedray tracingcodein software.

Performancefor the shown examplesrangesfrom 3.5
up to 6 framespersecondat videoresolution(640� 480).
Higherratescanbeachievedby utilizing moreor fasterPCs
as the RTRT corescalesalmostlinearly in the numberof
CPUs[15]. Alternatively, quality settings(e.g.imagereso-
lution, recursiondepthetc.)canbeadapted.

4.1 Industrial DesignApplications

Figure4 shows two typical VR settingsin industry. The
VRML model of the car headlighton the left has been
exportedfrom the sameCAD datasetthat is also usedin
the actualmanufacturingprocesses.It containsmorethan
800,000triangles. Specialre�ector andglassshadersare
appliedthat carefully model the physical materialproper-
ties[3].



Figure 5. Animated global illumination. Left: A VRML scene incorporating animation paths for a
moving lamp and a rotating globe . All lighting calculations are perf ormed by a global illumination
shader plug­in. Right: Depending on where the globe is lit by the lamp, diff erent lighting patterns
appear on the surr ounding objects.

To accuratelysimulatethe visual appearanceup to 25
levelsof recursionandup to 50raysperpixel areneededin
someimagelocations. This level of realismis impossible
to computewith rasterizationhardwaredueto thecomplex
scatteringof light. This is the�rst time automotive design-
ersandheadlightmanufacturerscan interactively evaluate
opticaldesignproposals.

Thecarmodelon theright of Figure4 demonstratesthe
capabilityof visualizingre�ections off of curved surfaces.
Note,thatthis is nosimpleenvironmentalmapping.In con-
trastto rasterizationmulti-passrenderingprocedures,mul-
tiple re�ections arecorrectlycalculatedin onesingleren-
deringstep. For example,the sidemirrors arere�ected in
thecarbodyandvice versa,alsoall re�ections andrefrac-
tions in the windows are simulatedaccordingto physical
equations.

4.2 Animation and SophisticatedLighting

In the next example(Figure 5) a rotating globe is dy-
namically lit by a moving lamp, projectingcomplex light
patternsontoits environment.Thisscenehasbeenmodeled
with thehelpof commonlyavailableCAD designpackages
thatareableto export VRML �les includingall animation
paths.Apart from someproceduraltextureshaders(e.g.the
woodentable),thescenehasbeenkeptunaltered.By sim-
ply assigninga global illumination plug-in asdefault sur-
faceshader, advancedglobal lighting with indirect diffuse
inter-re�ection canbeinstantlycombinedwith VRML'sdy-
namiccapabilities.

This is madepossibleby recentreal-timeglobal illumi-
nationalgorithmsbasedon the samereal-timeray tracing
engineusedfor ourVRML work [16, 4]).

4.3 AdvancedUser Interaction

Our previous examplewasbasedon prede�nedanima-
tions. Thenext sceneadditionallyallows for complex user
interactionvia VRML scripting. Figure6 shows an inter-

active chessgame. All its chessmencanbe controlledby
anexternalTcl/Tk script,whoseexecutionis handledby a
scriptingengineplug-in. Tcl/Tk not only enablesarbitrary
computations,onecanalsogeneratecustomizedgraphical
userinterfacessuchasthecontrolpaneldepictedin themid-
dleof Figure6. All functionsof theVRML browserarestill
available,sofor exampleit is alwayspossibleto changema-
terial andshaderparametersof geometricobjects.

5 Conclusionsand Futur eWork

Theaboveexamplesshow thatit is feasibleto placefull-
featuredscenegraphapplicationson top of a ray tracing-
basedrenderingenginecombining all the advantagesof
both worlds. This is possibleby extendingVRML with
supportfor programmableshadingandoptimizingthescene
graphby groupingit into suitablelargeobjectsthatcanbe
ef�ciently usedby a ray tracer.

While our browsercanef�ciently make useof mostad-
vantagesof the OpenRT/RTRT ray tracing engine,some
important featuresare still missing. For instance,there
is currently no browser support for instantiatingan ob-
ject multiple times, as it is dif�cult to gain the necessary
information from a VRML scenedescription. VRML's
DEF/USEmechanismmight be seenas somekind of in-
stancing. But thesedirectives are merepointersthat link
different partsof the scenegraph,which is more general
thanthereuseof objects.For example,oneShape'sgeom-
etry part canbereusedin anotherShape nodewith a dif-
ferentAppearance . OpenRT on theotherhandonly pro-
videsinstantiationof completeobjectsincludinggeometric
andmaterialproperties.Anotherdif�culty comesfrom the
factthatinstantiationcaninterferewith ourobjectgrouping
strategies (seeSection3.3.1)becauseit is not possibleto
mergeseveralinstantiatedobjectsinto a largerone.

Both problemscould be easedby applying modi�ed
heuristics. Instancingcould e.g.be restrictedto complete
Shape nodes.Also, dependingon memoryusageandon



Figure 6. VRML scripting. A chess game contr olled by a Tcl/Tk scripting engine . Left: Chessboar d
overview from inside our VRML browser. Middle: Graphical user interface produced by the Tcl/Tk
script. Right: Closeup view on some of the chessmen sho wing multiple re�ections.

thenumberof theinvolvedobjectswe coulddecidewheter
to groupthemby replicatingtheir geometry, or to usein-
stancinginstead.

A probablybetterway is to extend the VRML97 stan-
dard with additionalnodesthat provide detailedinforma-
tion aboutwhich partsof the externalVRML scenegraph
remainstatic,andhow it canbe ef�ciently mappedto an
internalray tracing-basedscenegraph.
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Thiswork hasbeensupportedby AMD andIntel Corporation.
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Figure 4. Industrial design applications. Both models are rendered interactivel y by our VRML browser.
Their VRML representations contain additional nodes to specify custom shader s. Left: A car head­
light featuring physicall y­correct re�ection and refraction. Right: A complete car, also visualiz ed in
a physicall y­correct manner using special glass and car paint shader s.

Figure 5. Animated global illumination. Left: A VRML scene incorporating animation paths for a
moving lamp and a rotating globe . All lighting calculations are perf ormed by a global illumination
shader plug­in. Right: Depending on where the globe is lit by the lamp, diff erent lighting patterns
appear on the surr ounding objects.

Figure 6. VRML scripting. A chess game contr olled by a Tcl/Tk scripting engine . Left: Chessboar d
overview from inside our VRML browser. Middle: Graphical user interface produced by the Tcl/Tk
script. Right: Closeup view on some of the chessmen sho wing multiple re�ections.


