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Abstract

With therecentadvancesn raytracingtechnolagy, high-
guality image geneation at interactiverateshas nally be-
comea reality. Asa consequenceaytracingwill likelyplay
a larger role in visualizationsystemsenablingthe concep-
tion andcreationof completelynew interactivegraphicsap-
plications.

In this paperwe describethe designand developmenbf
a ray tracing-basedvRML browserand editor as a case
study of such an application. It exploits all advantaes
of ray tracing including physically-corect plug and play
shadingandsupportfor large models.

In particular we demonstate howto overcomethe lim-
itations that resultfrom existing scenegraph libraries and
dataexchange formatsstill beingtargetedtowardsrasteri-
zationtechnolagy. Alsowe showhowto extendthe VRML
lighting modelandto optimizescenggraphhandlingfor ray
tracing

1 Intr oduction

Overthelastyearsvirtual reality (VR) hasfoundits way
into industrialdesignprocessem particularin theautomo-
tive industry The creationof realisticimageryis animpor-
tantgoalasit is ofteneasierlessexpensve,andmoreeffec-
tive thanmanufcturingmockupsandprototypesldeally, a
usershouldbeableto alsointeractwith themodelandmod-
ify its design,while obtaininghigh-qualityvisualfeedback
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thatalsosupportgjuantitatve evaluation. Only the knowl-

edgethatthe visualresultsarereliableandcorrectwithin a
guanti able error boundallows the userto trustthe results
andbasemportantdesigndecisionson them.

Thealmostexclusive useof rasterization-basduhardware
in currentVR systemamalesit hardto obtainreliablere-
sults becauset relies on the use of approximationseven
for suchsimple optical effects as shadevs andre ection.
A real-world examplefor the needfor reliableresultsis the
factthatin awell-known carmodeltheair ventsin thedash-
boardre ect off of the curved sidewindows exactly where
they interferewith the backward visibility via the left side
mirror. Becausevirtual mockupsdid not allow this re ec-
tion to bevisualized this aw wasonly discoveredwhenit
wastoo lateto be x ed.

Dealing with theselimitations of rasterizationtechnol-
ogy hasbeendif cult if notimpossibleandwould require
extensve changego applications. However, becauseay
tracingcloselymodelsthe physicaltransporiof light [9], it
canprovide correctresultseasily An obviousstepwould be
toimplementapractical sceneggraphdrivenVR application
basedntherecentresultsin real-timeray tracing.

Raytracing simpli es the modelinganddesignprocess,
whereindividual objectsandtheir materialpropertiesmay
be de ned independentlywhile the underlyingray tracing
engineautomaticallycombinesthe shadingresultsto the
correctimage.Thereis no needto dealwith complex multi-
passrenderingin the application. Anotherinherentfeature
of ray tracingis its ability to ef ciently handlehugescene
descriptionswith tensof millions of primitives. Thisis due
to its logarithmic time compleity with respectto model
sizeandits ef cient occlusionculling.



Typical interactize applicationsoperatewith graphical
modelson a higher level by making use of scenegraph
libraries in order to aid in scenemanagement. Exam-
ples are OpenGL Performer[13], Openlrventor [19], or
OpenSd12]. Unfortunatelyall thesescenegraphsystems
are designedand optimizedto run on rasterizationhard-
ware.Apartfrom performancéssueghisleadsto themajor
dravbackthat advancedray tracingfeaturescannotbe ad-
equatelyexploited, e.g.thereusuallyis no way to specify
shaderplug-ins. On the otherhandscenegraphsoftenin-
corporatespecialdisplay modeslik e multi-passrendering
thatareobsoleten combinationwith araytracingengine.

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

In this paperwe presentour implementationof an in-
teractve VRML browser systemthat tries to exploit most
of the bene ts of ray tracingin combinationwith e xible
scenegraphhandling. In particularwe focus on dealing
with thedescribedlif culties.

The restof the paperis organizedasfollows: Section2
startswith an overviev of VRML and our systems$ ar
chitecture. Section3 takes a closerlook at actualimple-
mentationissuesanddiscussesiecessargxtensiongo the
VRML speci cationaswell assceneggraphoptimizationsn
the contet of real-timeray tracing. Resultsare presented
in Section4, followed by conclusionsand somethoughts
aboutfuture extensiondn Section5.

2 SystemOverview

Our browser VRML Viewer (VV) builds on threemain
subsystemasillustratedin Figurel. The rst subsystenis
the XRML library [2], whichimplementghe VRML scene
graph and is responsiblefor importing VRML formated
models. The next layer is madeof the OpenR API [8],
a low-level graphicsinterfaceto ray tracing-basedender
ing engineghatis very similarto OpenGL[11, 1]. Hereit
is usedto drive the distributedRTRT [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 formatfor describinginteractive 3D objectsand
worlds! VRML hasbeendesignedto t into the exist-
ing infrastructureof the Internetand the world wide web

1VRML 1.0wasoriginally basedon the Openliventor®le format but
did notde®neanAPI. LaterVRML 2.0wascreatedo extendthe capabil-
ities of VRML 1.0to includeanimation,interaction,andmodelbehaior.
ThesubsequenSO/IECVRML standards alsoknown asVRML97.
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Figure 1.Relation of the basic components of
the presented VRML browser system.

but is alsomeantasa universalinterchangdormatfor inte-
grated3D graphicsandmultimedia.An exampleof asimple
VRML scenecanbeseenin Figure2.

VRML hasbeenchoserasthe primaryinput formatfor
our ray tracing-basedrowserfor two mainreasonsFirst,
it canbe seenasa de facto standardexchangeformat for
VR modeldata. Thereforemostindustrial CAD systems
areableto directly export VRML les. Secondly VRML
not only describesstatic scenes.It also supportsdynamic
behaior andprovidesfeaturedor advanceduserinteraction
(seeSectiond).

2.2 XRML

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

XRML suppliesa numberof C++ classedo aid with
the import, creation, and managemenbf VRML scene
graphstructures. Although XRML is mainly focusedon
VRML97, its modularform allows for importing and ex-
porting other3D graphicsformatsaswell asthe extension
of its graphnodehandlingcapabilities.

2.2.1 DataTypes

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



#VRML V2.0 utf8
Transform  f

translation 005
children
Shape f
appearance Appearance f
material Material f
diffuseColor 100
g
g
geometry Sphere f
radius 0.5
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.

classesThesenclude eld dataandpointersto child nodes
plus manipulationmethodse.g.to modify the nodes state
in caseof arriving events.

2.2.2 SceneGraph Traversal

Invoking therender()  methodon the XRML world ob-
jectinitiatesa top-dovn scenegraphtraversal,recursvely
calling therender()  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-
raterenderer  objectthat implementscallbackroutines
for every nodetype. Theseroutinesarethenactivatedby the
nodesn thegraphduringtraversal. This way, differentren-
deringmodesmayberealizedby replacingtherenderer
object, which is of particularinterestfor our purposesof
employing aray tracingback-endnsteadof a rasterization
engine. A more precisedescriptionof this processs pre-
sentedn Section3.

2.2.3 Event Execution Engine

During the graphtraversal,initial events(e.g.timer events)
aregeneratedyhich causesnessageto be sentto nodes.
Receving nodesaltertheir stateaccordingto thesesignals,

possiblygeneratingnewv eventsand appropriatemessages.

An eventexecutionenginehandlesthe routing of all these
events. Due to resultingmodi cations to the scenegraph,
dynamic behaior like animationor userinteractioncan
be realized. Additionally, ags are maintained recording
changedetweerframes.

2.2.4 NodeExtensionMechanism

An importantmotivation behindthe XRML packagss its
ability to easily extend the set of standardnodes. Thus,
it enablesthe supportof graphicalapplicationsfor which
VRML wasnotdesignedn the rst place,suchasadwanced
illumination algorithmsin our case. New nodesare im-
plementedwith the help of independentlycompiled C++
plug-in libraries. In orderto easeconstructionof custom
nodes XRML comeswith anutility called“nodegen”. This
tool takes concisenodespeci cationsin a similar form as
in [7] asinput and producesC++ headerand code skele-
ton les. Most methodssuchas constructorsand parsing
functionsare generatecautomatically Only the above in-
troducedrender()  functionhasto beimplementednan-
ually by extendingtherenderer  class.In fact,largeparts
of the XRML codefor standardVRML nodeshave been
producedy “nodegen”.

2.3 OpenRT

OpenRT[8] senesasalow-level graphicsrenderingin-
terfacethat allows easycreationof interactve applications
basedon ray tracing. OpenR is syntacticallyvery similar
to OpenGL[11, 1], awell-known andwidely acceptegro-
gramminginterfacefor 3D graphics.Thissimpli es porting
of existing applicationsincludingscenegraphlibrarieslay-
eredontop of OpenGL.

All featuresof interactve ray tracing neededfor high-
gualityimagegeneratioraresupportedTheability to shoot
arbitrary rays enablesphysically-correctlighting simula-
tions. Also, shades, i.e. customfunctionsthat controlil-
lumination calculationscanbe appliedin a plug and play
mannerwhile theray tracerautomaticallyproducesan ac-
curatecombinationof the desiredshadingeffects.

The OpenR API is composedof two sub-interfces:
The core OpenRTapplication programminginterface as-
sistsan applicationin specifying geometricobjects, tex-
tures,transformationgtc.in a way muchlike OpenGL.In
mary caseghe usual“gl” pre x canjust be replacedwith
“rt". For example,all the usualOpenGLgeometricprim-
itives are available, and are issuedby implementingcus-
tomaryrtBegin()  /rtEnd() statementsThe OpenGL
API hasbeenextendedto allow for loadingprogrammable
shadeplug-ins,andfor settingtheirparametersalues.The
OpenRTSshadinglanguage API presentsshaderswith a
commoninterfaceto the renderer It givesaccesdo geo-
metricandlighting informationat the shadingsite.

2.3.1 Relationto OpenGL

Although thereare close syntacticalsimilarities, OpenGL
and OpenR differ in four main areasdueto the different
underlyingrenderingalgorithms.



Rendering Semantics. Unlike OpenGLs direct render

ing approachQpenR manageshe sceneusingobjectsas
it musthave accesgo the entire modelfor implementing
global optical effects. It usesgeometricobjectsthat en-
capsulatgrimitives,while shadeobjectsrepresenthesur

faces optical characteristicaising texture objectsfor tex-

turemapping.

Geometryis thenboundto shaderghat containappro-
priateappearancparametersBecause¢hewhole scenehas
to be speci ed prior to ary visibility calculationsthereis
no OpenGL-like immediaterenderingmode. Also no state
machineexists during rendering,so changego the param-
etersof a particularshaderaffect all boundgeometrywhen
thenext frameis rendered.

Objectsand Instantiation. Despitesemantidaifferences,
OpenR's object de nition schemebehaes mostly like
OpenGLs display list handlingexceptthatit cannothave
sideeffectsor effectsdueto globalstate.Objectshave to be
instantiatedin orderto beeffective, similarto calling adis-
playlist. Note,however, thatthiswill nottriggerimmediate
visibility calculations.Instantiationcanbe highly ef cient
for araytracerasit reducegshe memoryfootprintandonly
affectsrenderingtime if actuallyvisible.

Multi-P assRenderingvs.Shaders. With OpenGL,more
compl« lighting situationsare usually approximatedby
combiningimagesesultingfrom multiplerenderingoasses,
i.e.for shadavs or re ections. Suchtricks canbe usedwith
ray tracingtoo, yet they are not necessarypecausef the
ability to performphysically-correctighting in asingleren-
dering step. Instead,independentlyimplementedshaders
canperformthesecomputationglirectly.

Fragment and 2D Operations. Up to now, OpenR
senesaspure3D graphicdnterface.2D imagingandfrag-
mentoperationdik e stenciltests,alphatests,or blending
have no directOpenR equialents.Typically, sucheffects
canbeeasilyachiezedthroughthe useof suitableshaders.

24 RTRT

Our RTRT Real-Tme Ray Tracing engineimplements
the OpenR interface. It is designedasaninteractie, dis-
tributed ray tracing enginethat supportsall the interest-
ing ray tracing effects outlined in Sectionsl and 2.3 in-
cluding supportfor dynamicallychangingscenes.Similar
to OpenGL,RTRT currently only implementstrianglesas
primitivesfor performanceeasons.

Apart from a few assumptiondor the sale of perfor
mance(seenext Section),the inner workings of the core

are kept completelytransparento the front-end applica-
tion. Thus,we referto previous publicationsfor morede-
tails aboutits implementatiorj17, 15, 18].

3 BrowserImplementation Issues

Producingasimplylightedstill imagefrom someVRML
scenalescriptiorvia OpenR isfairly straightforward. The
exploitation of all the bene ts of interactve ray tracing,
however, requirescarefuladjustmenbf the abore subsys-
tems,especiallywhencopingwith VRML limitations.

3.1 Rendering

Section2.2.2 alreadyreviewed XRML's modularren-
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 deriative.

Althoughthis classappliesonly basicOpenGLfeatures,
i.e. no multi-passrenderingor specialextensions,it still
malkesuseof immediatemodegraphicsandOpenGLmate-
rial andlighting calls. As thisis not supportedn OpenH,
it is not sufcient to just adaptsomecalls, andit is more
appropriateto write a custom-madeaenderer Neverthe-
less, large parts of the original classconsistof geometry
commandsik e primitive de nitions andmatrix operations,
which caneasilybe copiedandportedby just replacingthe
“gl” pre x with “rt”.

VRML is notregardedasatruegeometrianodelinglan-
guagepecausef its lack of richergeometrigprimitivesand
modelingmechanisms Still it offers more primitive types
thanOpenGLor OpenR. Fortunatelythisis nota problem
of therenderer classaseachavailableVRML geometry
nodeimplementatioralreadyincludestriangle tessellation
proceduresisalsorequiredby OpenGL.

Duringthetraversalstagewe do notperformary render
ing operationsbut only updatethe scenedescriptionwithin
the OpenR renderingback-end Only aftertraversalof the
VRML scenegraph,the applicationtriggersrenderingby
calling rtSwapBuffers()

3.2 Shading

For shadingpurposesstandardVRML is limited to a
singleappearancenodel,anextendedversionof the Blinn-
Phong[6] modelwith a singletexture. This severely lim-
its the appearanceand the realismthat can be achieved.
Becauseray tracing can easily supportalmost arbitrary
shadersywe needto extendtheappearancmodelof VRML.

We usedthe nodeextensionmechanisnof XRML (Sec-
tion 2.2.4)andthe “nodegen” utility to createseveral new
nodetypes. The mostimportantone, ORTAppearance ,



replaceghe original VRML Appearance node,and ex-
tendsit by anev eld namedshader . With anothemew
nodetype, ORTShader, thatfollows theshader eld, it
is now possibleto assigna differentshaderobjectto each
Shape and thereforeto the correspondinggeometricob-
ject. An examplecanbeseenin Figure3.

appearance ORTAppearance f
material Material f
diffuseColor 100
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 ashader eld plus an ORTShader node .
In this example , it selects aglass shader plug-
in and initializ es the shader' s refractive inde x
parameter .

Thename eld providestheshaderclassname whereas
file  pointsto thelocationof the correspondingharedi-
braryplug-in. Additionally, anoptions  eld cancontain
oneor moreparametestrings.Herewe have asingle oat-
ing pointargument(1f) togethemwith its nameandinitial
value.

If a standardAppearance node is encounteredor
ORTAppearance includesno shadede nition, a default
shadeclasswill beinstantiatedhatimplementshe VRML
appearancenodel. In ary casewherea Material  node
is presentthe applicationassumeshatthe relevant shader
hasa built-in setof default parameteslots, which receve
the standardVRML materialparametersFor example,the
diffuseColor value will be sentto a shaderparame-
ter also nameddiffuseColor Note, that it is up to
the shaderto implementthem and usethem as intended.
A shaderis freeto interpretthesevalueasit seest. So,
VRML materialsmayalsobe usede.g.by globalillumina-
tion shadersMore informationaboutOpenR shadehan-
dling canbefoundin [8].

3.3 SceneGraph Mapping

It hasalreadybeenmentionedhatraytracingalgorithms
canhave sub-lineartime compleity with respectto scene
size. To this endthey maintainacceleratiorstructuresj.e.
a hierarchicalkpatialindex thatallows to quickly queryfor

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

Theseacceleratiorstructuresmay be consideredan in-
ternal sceneggraph,ontowhich anexternalone,i.e. theap-
plication’s scenegraph,hasto be mapped. This mapping
is performedusingthe OpenR API. The applicationcan
optimizethis mappingby consideringthe usageof the ac-
celerationstructuredor ray tracing.

3.3.1 Object Grouping

In analogy to OpenGL, the OpenR API specica-
tion offers multi-level geometricobject nesting, i.e. be-
tweenanrtBeginObject() /rtEndObject() de ni-
tion rtinstantiateObject() callsareallowed. Each
single object maintainsits own (low-level) spatialindex.
Theseobjectindicesaretheninsertedinto a high-level in-
dex. This schemdocalizesary changesandthusthe costly
updateof the index structurewhen changingpartsof the
scene.Only the higherlevel indicesmustthenbe updated,
while all otherobjectsremainunafected.

A straightforvard way to processa VRML scenegraph
would beto encapsulateachShape's geometryinsidean
OpenR object. Unfortunately mary small objectswould
add considerableverheadwhenray traversalwould have
to switch often betweenhigh- and low-level indices. An
obvious solutionis to group small static objectstogether
However, thisis notatrivial taskasthewhole VRML scene
graphmay potentiallybechangedatary time. Thisis simi-
lar to anOpenGL-basedcenagraphlibrary trying to mini-
mize statechangesluringrendering.

VRML includesno meansto signal which partsof a
scengemainstaticovertime. Insteadve haveto useheuris-
tics. Nodesthatmayreceve incomingevents,i.e. thathave
beenconnectedria ROUTEstatementsindicatewherethe
scenegraphcanbe split up. If thereare no further rout-
ingsbelow sucha point, subsequemodeswill notchange
throughevents. For example,if a transformatiomodere-
ceivesevents,but its Shape childrennodesdo not, we can
combinetheminto onesingleOpenR object. Corversely
if e.g.a Shape nodeactsasan eventrecever, it mustbe
putinto a separat®bject.

In a VRML browserthis optimizationworks very well
unlessnodesare createddestrgyed, or moved at runtime.
Scriptingandthe ExternalAuthoring Interface(EAI) have
theseoptions(seeSection3.4). Currently we arerestricted
to scriptsthat do not performsuchactions. A trivial but
non-optimalsolutionwould be to rekuild the changechier-
archieswvhen&er necessaryNote, thatcustomapplications
usuallyhave full controlover handlingof the scenegraph.

The currentRTRT versiononly implementsa two-level
index structureand must atten the hierarcly, which adds
someoverhead14].



Figure 4.Industrial design applications.

Both models are rendered interactivel y by our VRML browser.

Their VRML representations contain additional nodes to specify custom shaders. Left: A car head-

light featuring physicall y-correct re ection and refraction.

Right: A complete car, also visualiz ed in

a physicall y-correct manner using special glass and car paint shaders.

3.3.2 Dynamic Scenes

Handling dynamic VRML scenescan be easily accom-
plishedusingthehierarchicaindex structuresXRML itself
takescareof eventprocessingandautomaticallymarksall
nodeswhose elds have beenaltered.

OpenR allows for changing object transformations
without having to rehuild the objects index. For example,
whena Transform nodeis changedye traverseits sub-
tree,andrecursvely transformall associatedpenR ob-
jects. Eachsuchobjectmay actually be a combinationof
several VRML child nodes(seeabove). Thiswill automati-
cally triggeranupdateof RTRT's high-level index k-d tree.

Non rigid body transformationsare somavhat more
complicatechsobjectsneedio bedeletedandmustberecre-
atedwith the updatedgeometry Modi cation of appear
ancepropertiesis even simpleraswe just have to update
therelevantshadeparameters.

3.4 Scripting

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

We have extendedXRML with aplug-inscriptingmech-
anism, therebysigni cantly extendingits capabilitiesfor
animationand interactionwithout modifying the VRML
browser itself. Theseextensionsto the XRML library
alsoenableotherXRML-basedapplicationgo make useof
scripting.

Rather than hard-coding script interpreters, external
sharedibrariessene asscripting engines Specialcustom
nodesare usedto associatdndividual scripting language
typeswith appropriateengineplug-ins. If a Script node

2|SO/IEC 14772 does not require browsers to support a speci®c
scripting language,however, it de®neslanguagebindingsfor Java and
ECMAScript

includesa referenceto a le containinga script program,

or if the scriptis inlined inside sucha node,an associated
library (if available)is loadedon demandandexecuteshe

script. Of course,one may alsoapply enginesthat do not

evaluateary scriptingcodebut performhard-codedpera-
tions(e.g.inputfrom externalsensors).

As an example we implementedan engine capableof
interpreting Tcl/Tk scripts. This not only allows pro-
grammablebehaior but also enableggraphicaluserinter-
facese.g.control panelsfor positioninggeometricobjects
or for modifying shadeiparameters.

4 Results

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

Performancedor the shavn examplesrangesfrom 3.5
up to 6 framesper secondat videoresolution(640  480).
Higherratescanbeachievedby utilizing moreor fastelPCs
asthe RTRT core scalesalmostlinearly in the numberof
CPUs[15]. Alternatively, quality settings(e.g.imagereso-
lution, recursiondepthetc.) canbe adapted.

4.1 Industrial DesignApplications

Figure4 shavs two typical VR settingsin industry The
VRML model of the car headlighton the left has been
exportedfrom the sameCAD datasethat is also usedin
the actualmanufcturingprocesseslit containsmorethan
800,000triangles. Specialre ector and glassshadersare
appliedthat carefully modelthe physical material proper
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 performed by a global illumination

shader plug-in. Right:
appear on the surrounding objects.

To accuratelysimulatethe visual appearancelp to 25
levelsof recursiorandupto 50 raysperpixel areneededn
someimagelocations. This level of realismis impossible
to computewith rasterizatiorhardwaredueto the comple
scatteringof light. Thisis the rst time automotve design-
ersandheadlightmanufcturerscaninteractively evaluate
opticaldesignproposals.

Thecarmodelon theright of Figure4 demonstratethe
capability of visualizingre ections off of curved surfaces.
Note,thatthisis no simpleervironmentalmapping.In con-
trastto rasterizatiormulti-passrenderingproceduresmul-
tiple re ections are correctly calculatedin one singleren-
deringstep. For example,the sidemirrors arere ected in
the carbody andvice 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-
namicallylit by a moving lamp, projectingcomple light
patternontoits ervironment.This scenehasbeenmodeled
with thehelpof commonlyavailable CAD designpackages
thatareableto export VRML les includingall animation
paths.Apartfrom someproceduratexture shaderge.g.the
woodentable),the scenehasbeenkeptunaltered.By sim-
ply assigninga globalillumination plug-in as default sur
faceshaderadwancedglobal lighting with indirect diffuse
inter-re ection canbeinstantlycombinedwith VRML'sdy-
namiccapabilities.

This is madepossibleby recentreal-timeglobal illumi-
nation algorithmsbasedon the samereal-timeray tracing
engineusedfor our VRML work [16, 4]).

4.3 AdvancedUser Interaction

Our previous examplewas basedon prede nedanima-
tions. The next sceneadditionallyallows for complex user
interactionvia VRML scripting. Figure 6 shavs an inter-

Depending on where the globe is lit by the lamp, diff erent lighting patterns

active chessgame. All its chessmertanbe controlledby
anexternal Tcl/Tk script, whoseexecutionis handledby a
scriptingengineplug-in. Tcl/Tk not only enablesarbitrary
computationspne canalsogeneratecustomizedgraphical
userinterfacessuchasthecontrolpaneldepictedn the mid-
dle of Figure6. All functionsof theVRML browserarestill

available,sofor exampleit is alwayspossibleto changema-
terialandshadeiparametersf geometricobjects.

5 Conclusionsand Futur e Work

Theabove examplesshaw thatit is feasibleto placefull-
featuredscenegraphapplicationson top of a ray tracing-
basedrenderingengine combining all the adwantagesof
both worlds. This is possibleby extending VRML with
supportfor programmablshadingandoptimizingthescene
graphby groupingit into suitablelarge objectsthatcanbe
efciently usedby araytracer

While our browsercanef ciently make useof mostad-
vantagesof the OpenR/RTRT ray tracing engine,some
important featuresare still missing. For instance,there
is currently no browser supportfor instantiatingan ob-
ject multiple times, asit is dif cult to gain the necessary
information from a VRML scenedescription. VRML's
DEFUSE mechanismmight be seenas somekind of in-
stancing. But thesedirectives are mere pointersthat link
different partsof the scenegraph,which is more general
thanthereuseof objects.For example,oneShape'sgeom-
etry partcanbe reusedn anotherShape nodewith a dif-
ferentAppearance . OpenR ontheotherhandonly pro-
videsinstantiationof completeobjectsincludinggeometric
andmaterialproperties.Anotherdif culty comesfrom the
factthatinstantiationcaninterferewith our objectgrouping
stratgies (seeSection3.3.1) becauseét is not possibleto
meige severalinstantiatedbjectsinto alargerone.

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 showing multiple re ections.

the numberof the involved objectswe could decidewheter
to groupthem by replicatingtheir geometry or to usein-
stancingnstead.

A probablybetterway is to extendthe VRML97 stan-
dard with additionalnodesthat provide detailedinforma-
tion aboutwhich partsof the external VRML scenegraph
remainstatic,and how it canbe efciently mappedto an
internalray tracing-basedcenegraph.
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commentsandsuggestions.

Thiswork hasbeensupportedy 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 shaders. Left: A car head-
light featuring physicall y-correct re ection and refraction. Right: A complete car, also visualiz ed in
a physicall y-correct manner using special glass and car paint shaders.

Figure 5. Animated global illumination. Left: A VRML scene incorporating animation paths for a
moving lamp and a rotating globe . All lighting calculations are performed by a global illumination

shader plug-in. Right: Depending on where the globe is lit by the lamp, diff erent lighting patterns
appear on the surrounding 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 showing multiple re ections.



