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Abstract

Todaysrasterizationgraphicshardware providesimpressivespeedand featuresmakingit the standard tool for
interactivelyvisualisingvirtual prototypesearly in theindustrialdesignprocess.However, dueto inherentlimita-
tionsof therasterizationapproach manyopticaleffectscanonlybeapproximated.For manyproducts,in particular
in thecar industry, theresultingvisualqualityandrealismis inadequateasthebasisfor critical designdecisions.
Thustheoriginal goalof usingvirtual prototyping—signi�cantly reducingthenumberof costlyphysicalmockups
—oftencannotbeachieved.
Interactiveray tracingon a smallclusterof PCsis emerging asan alternativevisualizationtechniqueachieving
the required accuracy, quality, and realism.In a casestudythis paper demonstratesthe advantages of using
interactiveray tracing for a typical designsituationin thecar industry: visualizingtheprototypeof headlights.
Dueto thehighly re�ectiveandrefractivenatureof headlights,properqualitycouldonlybeachievedusinga fast
interactiveray tracingsystem.

1. Intr oduction

Interactivevisualizationof virtual prototypesis becomingan
essentialtool in the industrial designprocess.Virtual pro-
totypesare increasinglyusedas the basisfor critical and
early designdecisionsin order to shortenthe designpro-
cessandevaluatemoredesignalternatives.If decisionscan
bebasedonaccuratedatafrom visualizingthevirtual proto-
types,costlyandtime-consumingphysicalmockupscanbe
avoided.

In this paperwe concentrateon the designof car head-
lights. Headlightsare often called the “eyes” of a car and
areparticularly importantfor the overall visual impression
of thecar. Thus,signi�cant efforts arespendon their appro-

priateappearance.Thedesignis constrainedby therequired
lighting properties,but alsoby theshapeandplacementdic-
tatedby thedesignof thecarbodyandotherfactors.Several
designgroupsneedto communicateto reachthe �nal deci-
sion andthe availability of a realisticvirtual prototypeis a
perfectmeanto improve this communication.

Currently, for eachnew model of a car, several itera-
tionsof building andevaluatingphysicalprototypesareper-
formed.Eachiterationtakesseveralweeksto monthsandis
fairly expensive dueto custom-madetoolsrequiredto form
the front glassandthe re�ector. Virtual prototypingshould
beableto reducethenumberof physicalprototypes,andre-
ducecostandtime in thedesignprocess.
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However, therearemany constraintsthatmustbemet in
order for a visualizationtechniqueto be usedin the daily
designprocess.

1.1. Realism

Designersand managersmust be able to rely on the data
provided by the visualizationof a prototype.They cannot
acceptthelossof realismandaccuracy causedbycoarselim-
itationsin currentgraphicshardware.With currentgraphics
technologytheaccuracy, quality, andrealismof virtual pro-
totypesareinadequateasthebasisfor importantdesignde-
cisions.Hardwareheavily relieson approximationsfor ren-
deringimportantvisualeffects.For example,it is impossible
to accuratelysimulatethe re�ection andrefractionof light
in curvedsurfaceswith rasterizationhardware.Raytracing,
however, is ableto simulatetheseeffectsbut dueto its high
computionalcost,it is still usedonly asanof�ine visualiza-
tion technique.

1.2. Interacti vity

Interactivity is anotherkey factor for the effective visual-
ization of prototypes.Certainoptical effectsmay only ap-
pearduring interactionandmovementswith the prototype.
This is particularlyrelevantfor opticaleffects,suchashigh-
lights and re�ection patternsin especiallydesignedre�ec-
tors. Suchhighlights appearonly from very speci�c posi-
tions or lighting conditions.Designersmustbe able to in-
teractively explore suchsituationsin order to �nd optimal
solutions.

1.3. GeometricComplexity and Automatic Processing

Theoriginal carmodelsusedby designsystemsareoftenof
high geometriccomplexity. This resultsfrom the fact that
thesesystemsusually work with free-form geometrylike
NURBS, and usetessellationto convert them to triangles,
often yielding hundredsof thousandsto millions of trian-
gles.Furthermore,modelingtools alsouselibrariesof ex-
isting parts,which canhave arbitrarygeometriccomplexity
themselves,eventhoughthey form only a minor partof the
wholemodel.

Thegeometriccomplexity of thewholemodelis already
challengingfor currentgraphicshardware,andis commonly
reducedusingmeshdecimationtechniquesto tractablelev-
els. This processis usually only semi-automatic,and re-
quiressigni�cant timeandmanualeffort. It wouldbehighly
desirableto haveasystemthatcanhandlethemodelswith a
geometriccomplexity of severalmillion triangles.

2. Previous Work

Thereis currently no good solution to visualizecar head-
lights with a high-enoughquality to be used in the de-
signprocess.State-of-the-artis to renderananimationusing

an animation/renderingpackagebasedon ray tracing (e.g.
Maya/AliasWavefront1). Specifyingandrenderingtheani-
mationalonemay take severaldaysandis oftenperformed
over the weekend.Even then, the resultsare not adequate
for critical decisions,asthey do not allow interactive explo-
ration.

Rasterizationbasedsystemsdonotallow accuratesimula-
tion of re�ectionsoff of curvedsurfaces,norcanthey handle
multiple re�ectionsandself-re�ection.

Raytracingwouldallow for anaccuratesimulationof the
optical effects in headlights,but hasbeentoo slow for in-
teractive use.Recently, systemsfor interactive ray tracing
have beendeveloped:Using a large sharedmemorysuper-
computer, Mussetal. 5; 6 havedemonstratedthatatraditional
raytracercaninteractively renderseveralhundredthousands
of CSGprimitivesthatwould correspondto severalmillion
polygonsaftertesselation.

Similarly, at the University of Utah Parker et al. 8 have
built aninteractive ray tracingsystemthatis alsobasedona
largeshared-memorycomputer. Besidestandardray tracing
their systemis beingusedto visualizevolumetricdatasets
andto renderhigh-qualityiso-surfaces9; 7.

Recently, Waldetal. 16; 14 showedthatdistributedraytrac-
ing usinga clusterof commodityPCsis alsoableto inter-
actively visualizehighly complex modelswith 12.5million
polygonsandmore.Wald et al. alsodemonstratedthat their
ray tracingenginecanbeusedto build aninteractive global
illuminationsystem15. Webuild on thisdistributedray trac-
ing enginefor thiscasestudy.

3. Headlight Visualization - A CaseStudy

In orderto provide accurateresultsfor the visualizationof
carheadlights,we usea distributedray tracingsystemrun-
ning on commodityPC hardware.In order to be usablein
practice,our visualizationsystemhasto meetseveral im-
posedconcreterequirementsimposedby ourpartners.

First,thesystemhastomeetthequalitystandardsetby the
car industry. Even thoughno actualphysical comparisons
have beenperformedyet, therenderingquality achievedby
our systemmatchthe quality of the currentoff-line visual-
izationtools.In general,thesystemhasto be'suf�ciently ac-
curate'to helpthedesignersin theirdesigndecisions.There-
fore, we have beenprovided with several referenceimages
(seeFigure7) thatareusedto visuallyevaluatethequality.

Thesystemshouldallow theuserto moveandinspectany
desiredlocationwith interactive feedback(i.e. a minimum
of severalframes/sec)at videoresolutionor higher.

Third, the geometryhandlingshouldbe fully automatic.
In our example, the headlightmodel consistsof roughly
800,000trianglesin total.Modernsystemsbasedontriangle
rasterizationarealreadyableto handlethis high numberof
trianglesbut dueto thelogarithmiccostin scenecomplexity
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it is a rathermoderatecomplexity for ray tracing.Therefore,
wecandirectly loadtheoriginalmodelwithout theneedfor
geometricsimpli�cation andapproximations.

Finally, thepriceof a systemhasprovento beonly a mi-
nor issueif a systemcansolve a problemthatwould not be
solvableat all otherwise.Our systemusesa clusterof com-
modity PCs,which in total costslessthan$30.000for 16
nodes.

4. Implementation

In the following, we will give a brief overview of how our
systemis implementedand which techniquesare usedto
provide realisticvisualization.

4.1. Software Envir onment

In orderto achieve interactive ray tracingperformance,we
usetheOpenRT library 12, whichprovidesasimpleinterface
to a fastdistributedray tracingsystem,in particularit usesa
API verysimilar to OpenGL.

The OpenRT library supportsdistributedrenderingon a
clusterof commodityPCs.It usesa client/server-basedar-
chitecturewheretheserverhoststheapplication,andaclus-
ter of client PCsis usedfor rendering.All OpenRT com-
mands,including scenedata is broadcastto all rendering
clients.In orderto exploit thecomputepower of all clients
theserver usesdynamicloadbalancing10 wheretheclients
requestwork from the server on demand.The OpenRT
schedulerdistributeswork basedon imagetiles. After an
imagetile hasbeenrenderedby a client, thecorresponding
color informationis sentbackto theserver.

In order to effectively hide communicationlatency, the
applicationand the OpenRT schedulerare running asyn-
chronously(in seperatethreads)on the samehost.During
job schedulingfor thecurrentframetheapplication(-thread)
alreadysendsOpenRT commandsfor thenext frame.These
commandsarebufferedon client sideandareonly executed
after the client has�nished all jobs for the currentframe.
Sendingframedatafor framen during renderingof frame
n-1 resultsin oneframelatency which is rathernegligible.
Figure1 illustratesa simpli�ed versionof the communica-
tion �o w betweenclientsandserver.

Due to the ray-tracing-basedrenderingcorea spatialin-
dex structurehasto be built beforerenderingon the client
side.Transferringall requiredscenedatato the clientsand
building this datastructuretakesonly a coupleof seconds
leadingto faststartuptime.

In order to achieve betterimagequality without loss in
performanceOpenRT supportsprogressive anti-aliasing:if
no userinteractionoccurs,subsequentframeswill beaccu-
mulatedusing different randomquasimontecarlo 4 pixel
samplingpatternsperframe.
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Figure 1: At time t0 the OpenRTwork scheduler starts
to distribute work for framen-1 and the applicationsends
OpenRTcommandsfor framen to hide communicationla-
tency. Betweent0 and t1 the scheduler receivescolor in-
formationanddistributeswork for framen-1. At timet1 all
color informationfor thecurrent framehavebeenreceived
and the correspondingframeis displayed.Evenif a client
hasnot �nished all jobs for thecurrent frameit alreadyre-
ceivesjobs for thenext frame. Thisavoidsclient idle times.
After timet1 workfor framen is distributedandtheapplica-
tion sendsOpenRTcommandsfor framen+1.

In order to parseall geometrydata an OpenGL-based
VRML viewerwasportedto OpenRT. Dueto theverysimi-
lar syntaxportingwasdonewithoutmucheffort. Communi-
cationbetweenVRML applicationandlibrary is doneexclu-
sively via theOpenRT API. Like RenderManOpenRT pro-
videstheability to attacharbitrarysurfaceshaderto speci�c
geometrywritten in C/C++. Thereforethe simulationcode
itself is implementedasaspecialsurfaceshader.

4.2. GlassSimulation

As the re�ective and refractive natureof the glassobjects
forms the core problemof the application,most work has
beenspenton the glasssimulation.However, even with a
very fast ray tracingsystem,somecompromiseshadto be
madeto achieve interactive performance.

Currently, our system does not handle wavelength-
speci�c effects,andusesonly asingleindex of refractionfor
all colorcomponents.As such,prism-effectswill notbesim-
ulated.Similarly, wecurrentlyignorepolarizationeffects.

For the actualre�ection and refractioncalculations,our
glassshaderis in principle not much different from other
glassshadersusedin other ray tracers.For eachincoming
ray, a re�ection and a refractionray are generated,recur-
sively tracedthrough the environment,and weighedwith
their respective physical contribution basedon the respec-
tiveFresnelterm3.

However, someimportantdifferencesdoexist: In orderto
avoid in�nite recursionfor rays being ' trapped' in a glass
body, mostray tracersusuallyspecifyamaximumre�ection
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depthof usually4 to 8. For a simulationof sucha complex
glassbody asusedin our system,this would not be suf�-
cient: A typical ray hasto enterand leave the front glass,
perhapspassthroughtwo layersof glasssurfaceonthefront
andtwo onthebackof thelight bulb beforehitting there�ec-
tor, andhasto take thesameway out, not evenconsidering
multiple re�ections insidethe object.The maximumrecur-
sionlevel usedto computethedifferentpixelscanbeseenin
Figure2.

Figure 2: The left image illustrates the recursion depth
required for computingeach pixel (accuracy 95%). Each
color correspondsto a different depth:black(0), blue(� 5),
magenta(� 10), green(� 15), yellow(� 20), red(> 25). The
right image showstheoriginal image for comparisons(see
Figure 8 for a color version).

On theotherhand,tracingraysup to a recursionlevel of
20 andmorecreatesa hugeperformanceproblem:As glass
is usuallybothre�ective andrefractive, tracingbothraysat
eachrecursionlevel would leadto anexponentialexplosion
of raystracedperpixel (approximatelyonemillion for asin-
gle pixel with re�ection depth20).Sub-samplingthewhole
shadingtreewith Monte Carlo techniquessuchasRussian
Roulettesamplingat eachrecursionlevel is an option, but
wouldrequireconsiderableeffort to removetheMonteCarlo
noisethat would be extremely disturbingin an interactive
setting.

To overcomethis problem,we currentlytrack thecontri-
bution of eachpath to the actualpixel. Purely local deci-
sion – e.g.by comparingeachlocal weight to a minimum
threshold-is not suf�cient, asthe accumulationof weights
canleadto a ray becomingunimportanteven thoughevery
localweightis above thethreshold.

By nottracingpathsthatwouldhaveaninsigni�cant pixel
contribution, the rays tracedper pixel canbe reducedto a
tolerablelevel. We de�ne thecontribution thresholdas'ac-
curacy'. An accuracy of 99%meansthata raywill betermi-
natedif its pixel contribution is below 1%.Testshaveshown
thatusinganaccuracy of morethan95%producesnovisual
improvement.Figure3 presentsthenumberof raysshotper
pixel usinganaccurayof 95%.

Figure 3: Theleft image showsthenumberof raysusedto
computeeach pixel (accuracy 95%).Each color represents
a different number:black(< 1 rays per pixel), blue(� 10),
magenta(� 20), green(� 30), yellow(� 40), red(> 50). The
right image showstheoriginal image for comparisons(see
Figure 9 for a color version).

4.3. High-Dynamic-RangeEnvir onmentMap

Due to the highly re�ective natureof the headlight,almost
all illumination comesfrom the environment. In order to
simulatetheseeffects,we took thecommonapproachof us-
ing anenvironmentmap.Realenvironmentsusuallycover a
highdynamicrangeof radiancevalues.As such,usinghigh-
dynamic-rangeenvironmentmapsis important,as they in-
creasethecontrastand�delity of theimages.As our render-
ing engineusesfull �oating point accuracy for all lighting
and shadingcomputations,this was easily integratedinto
our visualizationsystem.SeeFigure 4 for the impact of
high-dynamicrangeeffects. In principle, supportinghigh-
dynamicrangeenvironmentsallows to put thevirtual head-
light prototypeinto any kind of measuredenvironment.

Figure 4: Enhancedvisual quality using a High Dynamic
Range EnvironmentMap: Low dynamicrange rgb environ-
mentmapontheleft, anda highdynamicrangeenvironment
mapon theright (seeFigure 9 for a color version).

4.4. ToneMapping

Usinghigh-dynamic-rangeenvironmentmapsalsorequires
tonemapping17 beforedisplayingthe image.We currently
usethetonemappingmethodproposedby Schlick11. As our
systemis purely software-based,implementingtone map-
ping is straightforward. However, somecautionhasto be
takendueto parallelization:asaclientsendsonly discretized
8-bit RGB valuesback to the server, tone mappinghasto
be appliedon the clients.This is problematicbecausethe
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tone mappingalgorithmsususallyneedinformation about
the whole image and a client rendersonly certain image
tiles. We solve this problemby adaptingthe tonemapping
parametersfor the next frame basedon the resultsfor the
current frame.The adaptedparametersfor the next frame
will betransferedfrom theserverto all clients.Theimprove-
mentsdueto usinghigh-dynamic-rangeenvironmentmaps
andtonemappingcanbeseenin Figure4.

Network
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����

Display

Server

Application

OpenRT

Client n

Gigabit
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Figure 5: All renderingclients are connectedvia a fully
switchedFast-Ethernetnetworkto theserverwhich hoststhe
application.

5. Results

All testswereperformedon a clusterof 16 dual-AthlonMP
1800+PCs,leadingto a maximumof 32 CPUs.The ren-
deringclientswereinterconnectedvia a fully switchedFast-
Ethernetnetwork. To provide enoughbandwidthfor trans-
ferring pixel colorsbackto theserver, a Gigabit connection
from theswitchto theserverwasused(seeFigure5). Using
this con�guration we areableto achieve frameratesof up
to 10 framesper secondat video resolution(of 640x480).
Figure 6 shows the nearly linear scalability offered by
the OpenRT ray tracing core dependingon the numberof
clients.

Figure 6: Framerate of our systemat variousimage reso-
lutions,andwith differentnumbers of clients:Almostlinear
scalabilityis achievedevenup to 16clients(32CPUs).

Due to the limitations of the underlyingnetwork archi-
tecture(bandwidth,latency), our systemcurrentlycannotef-
�ciently handle the broadcastof the entire geometryper
frame. However, OpenRT offers to ability to interactively
changethe locationof certain(static)partsof the scene13.
As such,the light bulb canbe moved out of the lamp, the
glasscover canbe taken off, etc. Othermissingeffectsas
discussedin Section4.2canbeaddedeasily.

As describedbefore,we have beenprovided with refer-
enceimagescreatedwith the previously usedoff-line vi-
sualizationtools.Comparingour imagesto thesereference
imagesdemonstratethatour systemoffersat leastthesame
quality– but at interactivespeeds.Comparingto actualpho-
tographsof a physicalmodelof theheadlightshow thatwe
areable to achieve a very realisticvisualization,ascanbe
seenin Figure7.

6. Conclusionsand Futur e Work

This paperdemonstratesthat interactive ray tracing is be-
comingan importantalternative to currentinteractive visu-
alization techniques.For someapplications,like the head-
light simulationdiscussedhere,it is theonly viablesolution.
As the trend towardsgeometricallymore complex models
and more realismcontinues,it seemsthat ray tracing will
becomeincreasinglyimportantfor futureapplications.

Of particularimportancein this context is the �e xibility
of extendingthe basicray tracing algorithmswith custom
programmedshaders.With ray tracing,shadingis separated
from visibility computationsand is not constrainedby the
strict pipeline model of rasterizationhardware. Therefore,
differentshadersareindependentof eachotherandaremuch
simplerto write.

Implementationof theheadlightsimulationrequiredrela-
tively little effort, asmostof theactualwork is performedby
theunderlyingrenderingengine.Therefore,modi�cationsto
thesystemcanalsobeappliedby non-expertusersthrough
editingtheshaders.

Highly complex lighting simulations,astheonepresented
here,still requireconsiderablecomputepower in theform of
a smallPCcluster. EventhoughMoore's law will helpover
time, it seemsnecessaryto addsomeform of hardwaresup-
port.Both CPUandGPUdesignersarecurrentlyinvestigat-
ing hardwaresupportfor ray tracing.

Our system dependsmainly on dynamically loaded
shaders,anddoesnot interferewith theunderlyinginterac-
tivedistributedraytracingengine.Therefore,wecanexploit
the full performanceof the OpenRT renderingengine,and
can ef�ciently scaleto many CPUs.Using a clusterof 16
Dual-AthlonMP1800+PCs,we areable to achieve frame
ratesup to 10 framespersecondfor thecompletere�ection
simulationata resolutionsof 640x480pixels.

Due to the OpenRT's ability to handlecomplex scenes,
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weareableto directlyhandlethehighgeometriccomplexity
of 800.000triangleswithout theneedfor geometricsimpli-
�cations andapproximations.As such,our systemis fully
automatic,andcangreatlyreducethe turn-aroundtimesin
theindustrialdesignprocess.

In future,weareconsideringto makeoursystemavailable
to the industry by integrating it into commercialapplica-
tions.Furthermore,oursystemcaneasilybeadaptedto solve
similar problemsin the industry, e.g.simulatingre�ections
in carwindshields,or in instrumentsof aircraftcockpits.Fi-
nally, it wouldbedesirableto integratethesystemwith afull
lighting simulationin orderto visualizethe lighting effects
of theheadlight.
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Figure 7: Renderingquality achievedby our visualizationsystem:Theimage in the middle illustratesthe referencequality
producedby an off-line ray tracer, and the right image showsthe quality achievedby our system.For comparison,the third
image is a photoof thephysicalmodel.

Figure 8: Recursion depthrequired for computingeach pixel (accuracy 95%).Each color correspondsto a different depth:
black(0), blue(� 5), magenta(� 10), green(� 15), yellow(� 20), red(> 25). Theright image showsthe original image for com-
parisons.

Figure9: Numberof raysusedto computeeach pixel(accuracy95%).Each color representsa differentnumber:black(< 1 rays
per pixel), blue(� 10), magenta(� 20), green(� 30), yellow(� 40), red(> 50). Thesecondand third imagesillustrateenhanced
visualquality usinga High DynamicRange EnvironmentMap: low dynamicrange (secondimage),high dynamicrange (third
image).
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