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Abstract

Todaysrasterizationgraphicshardware providesimpressivespeedand featuresmakingit the standard tool for
interactivelyvisualisingvirtual prototypesearly in theindustrial designprocess.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 demonstrates the advantages of using
interactiveray tracing for a typical designsituationin the car industry: visualizingthe prototypeof headlights.
Dueto thehighly re�ectiveandrefractivenature of 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.

Currently, for eachnew modelof acarseveraliterationsof
building andevaluatingphysicalprototypesareperformed.
Eachiterationtakesseveralweeksto monthsandis fairly ex-
pensive dueto custom-madetoolsrequiredto form thefront
glassandthere�ector. Virtual prototypingshouldbeableto
reducethe numberof physicalprototypes,andreducecost
andtime in thedesignprocess.

However, therearemany constraintsthatmustbemet in
order for a visualizationtechniqueto be usedin the daily
designprocess.
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1.1. Realism

Designersandmanagersmustbeableto rely onthedatapro-
vided by the visualizationof a prototype.They cannot the
lossof realismandaccuracy causedby coarselimitationsin
currentgraphicshardware.With currentgraphicstechnology
the accuracy, quality, andrealismof virtual prototypesare
inadequateasthebasisfor importantdesigndecisions.Hard-
wareheavily relieson approximationsfor renderingimpor-
tantvisualeffects.Forexample,it is impossibleto accurately
simulatethere�ection andrefractionof light in curvedsur-
faceswith rasterizationhardware.Ray tracing,however, is
ableto simulatetheseeffectsbut dueto its highcomputional
costis still usedonly asanof�ine visualizationtechnique.

1.2. Interacti vity

Interactivity is anotherkey factorfor theeffective visualiza-
tion of prototypes.Certainoptical effectsmay only appear
duringinteractionwith theprototype.Thisisparticularlyrel-
evant for optical effects, suchas highlights and re�ection
patternsin especiallydesignedre�ectors. Such highlights
appearonly from very speci�c positionsor lighting condi-
tions.Designersmustbe able to interactively explore such
situationsin orderto �nd optimalsolutions.

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 thousandsof triangles.Further-
more, modeling tools also use libraries of existing parts,
which canbearbitrarily geometricallycomplex themselves,
eventhoughthey form only aminorpartof thewholemodel.

Thegeometriccomplexity of thewholemodelis usually
too high for currentgraphicshardware, and hasto be re-
ducedto tractablelevels.This processis usuallyonly semi-
automatic,andrequiressigni�cant timeandmanualeffort. It
would behighly desirableto have a systemthatcanhandle
thegeometriccomplexity of theoriginalmodel.

2. Previous Work

There is currently no solution to visualize car headlights
with a high-enoughquality to be usedin the designpro-
cess.State-of-the-artis to render an animation using an
animation/renderingpackagebasedon ray tracing (e.g.
Maya/AliasWavefront1). Specifyingandrenderingthe an-
imationalonemaytake severaldaysandis oftenperformed
over the weekend.Even then, the resultsare not adequate
for critical decisions,asthey do not allow interactive explo-
ration.

Rasterizationbasedsystemsdo not allow accuratesimu-
lationof re�ectionsoff curvedsurfaces,nor canthey handle
multiple re�ectionsandself-re�ection.

Ray Tracing would allow for an accuratesimulationof
the optical effects in headlights,but hasbeentoo slow for
interactive use.Recently, systemsfor interactive ray tracing
have beendeveloped:Using a large sharedmemorysuper-
computer, Musset.al 3� 4 havedemonstratedthatatraditional
raytracercaninteractively renderseveralhundredthousands
of CSGprimitivesthatwould correspondto severalmillion
polygonsaftertesselation.

Similarly, at the University of Utah Parker et. al 6 have
built aninteractive ray tracingsystemthatis alsobasedon a
largeshared-memorycomputer. Besidestandardray tracing
their systemis beingusedto visualizevolumetricdatasets
andto renderhigh-qualityiso-surfaces7 � 5.

Recently, Waldet.al 13� 11 showedthatdistributedraytrac-
ing usingaclusterof commodityPCsis alsoableto interac-
tively visualizehighly complex modelswith up to 12.5mil-
lion polygons.Wald et al. alsodemonstratedthat their ray
tracingenginecanbeusedto build aninteractiveglobalillu-
minationsystem12. We build on this distributedray tracing
enginefor this casestudy.

3. Headlight Visualization - A CaseStudy

In orderto provide exact resultsfor thevisualizationof car
headlights,we usea distributedray tracingsystemrunning
on commodityPC hardware.In orderto be usablein prac-
tice, our visualizationsystemhasto meetseveral require-
ments.

First, our systemhas to meet the quality standardset
by the car industry. Even thoughno actualphysicalcom-
parisonshave been performedyet, the renderingquality
achievedby our systemshouldat leastmatchthequality of
the currentoff-line visualizationtools. In general,the sys-
tem hasto be 'suf�ciently accurate'to help the designers
in their designdecisions.Therefore,we have beenprovided
with severalreferenceimages(seeFigure5).

Second,thesystemhasto deliver interactiveperformance.
It should allow the user to move to and inspectany de-
siredlocationwith interactive feedback(i.e. morethanone
frame/sec)atvideoresolution.

Third, the geometryhandlingshouldbe fully automatic.
In our example, the headlightmodel consistsof roughly
800,000trianglesin total.Thiswouldalreadybechallenging
for many systemsbasedon trianglerasterization.Dueto the
logarithmiccostin scenecomplexity it is a rathermoderate
scenecomplexity for ray tracing.Therefore,we candirectly
loadtheoriginal modelwithout theneedfor geometricsim-
pli�cation andapproximations.

Finally, thepriceof a systemhasprovento beonly a mi-
nor issueif a systemcansolve a problemthatwould not be
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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 renderingengine10, which providesa sim-
ple interface to a fast distributed ray tracing system.An
OpenRT-basedVRML viewer parsesall geometrydataand
transfersit to theray tracingcore.Communicationbetween
VRML applicationand library is doneexclusively via the
OpenRT API. Thesimulationcodeitself is implementedas
a surfaceshaderattachedto speci�c geometry.

As mentionedbeforethe OpenRT ray tracing core sup-
portsdistributedrenderingonaclusterof commodityPCs.It
usesaclient/server-basedarchitecturewheretheserverhosts
theapplication,andaclusterof clientPCsis usedfor render-
ing. All OpenRT commands,includingscenedatais broad-
castto all renderingclients.In orderto exploit thecompute
powerof all clientstheserverusesdynamicloadbalancing8

andscheduleswork basedon imagetiles.After animagetile
hasbeenrenderedby aclient,thecorrespondingcolor infor-
mationis sentbackto theserver.

Due to the ray-tracing-basedrenderingcorea spatialin-
dex structurehasto bebuilt beforerendering.Building this
datastructureandtransferringall requireddatatakesonly a
coupleof seconds.In orderto achieve betterimagequality
without loss in performanceOpenRT supportsprogressive
anti-aliasing:if nouserinteractionoccurssubsequentframes
will beaccumulatedusingdifferentpixel samplingpatterns
perframe.

4.2. GlassSimulation

As the re�ective and refractive natureof the glassbody
formstheactualcoreproblemof theapplication,mostwork
hasbeenspenton theglasssimulation.However, evenwith
a very fastray tracingsystem,somecompromiseshadto be
madeto achieve interactiveperformance.However, thesame
limitationsalsoholdfor thecurrentlyusedoff-line visualiza-
tion tools.

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 many ray tracers.For eachincoming
ray, a re�ection and a refractionray are generated,recur-
sively tracedthrough the environment,and weighedwith
their respective physicalcontribution basedon the respec-
tiveFresnelterm.

However, someimportantdifferencesdoexist: In orderto
avoid in�nite recursionfor rays being ' trapped' in a glass
body, mostray tracersusuallyspecifyamaximumre�ection
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 bulbbeforehitting there�ec-
tor, andhasto take thesameway out, not evenconsidering
multiple re�ections insidethe object.The maximumrecur-
sionlevel usedto computethedifferentpixelscanbeseenin
Figure1.

Figure 1: 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.

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, as the accumulationof weights
canleadto a ray becomingunimportanteven thoughevery
local weight is above the threshold.However, this requires
that the different shadersin the systemhave to communi-
cateon whichvalueshave to betrackedandupdatedat each
re�ection point.
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By not tracingpathsthat would not leadto a signi�cant
pixel contribution, the raystracedperpixel canbe reduced
to a tolerablelevel. We de�ne this contribution thresholdas
'accuracy'. An accuracy of 99% meansthat a ray will be
terminatedif its pixel contribution is below 1%. Testshave
shown thatusinganaccuracy of morethan95%producesno
visual improvement.Figure 2 presentsthe numberof rays
shotperpixel usinganaccurayof 95%.

Figure 2: 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.

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 very important,asthey
increasethe �delity of the images.As our renderingengine
usesfull �oating point accuracy for all lighting andshading
computations,this waseasilyintegratedinto our visualiza-
tion system.SeeFigure 3 for the impact of high-dynamic
rangeeffects. In principle, supportinghigh-dynamicrange
environmentsallows to put the virtual headlightprototype
into any kind of measuredenvironment.

Figure 3: Enhancedvisual quality usinga High Dynamic
Range EnvironmentMap: Low dynamicrange rgb environ-
mentmapontheleft,anda highdynamicrangeenvironment
mapon theright.

4.4. ToneMapping

Usinghigh-dynamic-rangeenvironmentmapsalsorequires
tonemapping14 beforedisplayingthe image.We currently
usethetonemappingmethodproposedby Schlick9. 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
tone mappingalgorithmsususallyneedinformation about
thewholeimage.Wesolvethisproblemby adaptingthetone
mappingparametersfor thenext framebasedon theresults
for thecurrentframe.Theimprovementsdueto usinghigh-
dynamic-rangeenvironmentmapsandtonemappingcanbe
seenin Figure3.

5. Results

All testswereperformedon a clusterof 16 dual-AthlonMP
1800+PCs,leadingto a maximumof 32 CPUs.Using this
con�gurationwe areableto achieve frameratesof up to 10
framespersecondatvideoresolution(of 640x480).Figure4
shows the nearly linear scalabilityoffered by the OpenRT
ray tracingcoredependingon thenumberof clients.

Figure 4: Framerateof our systemat variousimage reso-
lutions,andwith differentnumbers of clients:Almostlinear
scalabilityis achievedevenup to 16clients(32CPUs).

Dueto thelimitationsof theunderlyingnetwork architec-
ture (bandwidth,latency), our systemcurrentlycannothan-
dle ef�ciently the broadcastof the whole geometryper
frame.However, the locationof certain(static)partscanbe
interactively changed.As such,thelight bulb canbemoved
out of the lamp,theglasscover canbetakenoff, etc.Other
missingeffectsasdiscussedin Section4.2canbeaddedeas-
ily.

As describedbefore,we have beenprovided with refer-
enceimagescreatedwith the previously usedoff-line vi-
sualizationtools.Comparingour imagesto thesereference
imagesdemonstratethatour systemoffersat leastthesame
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Figure 5: Renderingquality achievedby our visualizationsystem:Theleft image illustratesthereferencequality producedby
an off-line ray tracer, and the right image showsthe quality achievedby our system.For comparison,the middleimage is a
photoof thephysicalmodel.

quality– but at interactivespeeds.Comparingto actualpho-
tographsof a physicalmodelof theheadlightshow thatwe
areable to achieve a very realisticvisualization,ascanbe
seenin Figure5.

6. Conclusionsand Futur eWork

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 trendtowardsmorerealismandgeometricallymore
complex modelscontinues,it seemsthatray tracingwill be-
comeincreasinglyimportantfor 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.BothCPUandGPUdesignersarecurrentlyinvestigat-
ing suchhardwaresupportfor 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,
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 be ableto alsovisualizethe
lighting effectsof theheadlight.
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