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Abstract

Todaysrasterizationgraphicshardware providesimpressivespeedand featues makingit the standad tool for
interactivelyvisualisingvirtual prototypesearly in theindustrial designprocessHowever, dueto inherentlimita-
tionsoftherasterizatiorappmoac manyoptical effectscanonly beapproximated For manyproductsjn particular
in thecar industry theresultingvisualquality andrealismis inadequateasthe basisfor critical designdecisions.
Thustheoriginal goal of usingvirtual prototyping—signi cantly reducingthe numberof costlyphysicalmodkups

— oftencannotbe achieved.

Interactiveray tracing on a small clusterof PCsis emeging asan alternativevisualizationtechniqueachieving
the required accumcy, quality, and realism.In a casestudythis paper demonstatesthe advantaes of using
interactiveray tracing for a typical designsituationin the car industry: visualizingthe prototypeof headlights.
Dueto thehighlyre ective andrefractivenature of headlights properquality couldonly be achievedusinga fast

interactiveray tracingsystem.

1. Intr oduction

Interactive visualizationof virtual prototypeds becomingan
essentiakool in the industrial designprocess Virtual pro-
totypesare increasinglyusedas the basisfor critical and
early designdecisionsin orderto shortenthe designpro-
cessandevaluatemoredesignalternatves.|If decisionscan
bebasedn accuratedatafrom visualizingthevirtual proto-
types,costly andtime-consumingphysicalmockupscanbe
avoided.

In this paperwe concentrateon the designof car head-
lights. Headlightsare often called the “eyes” of a carand
are particularlyimportantfor the overall visual impression
of thecar Thus,signi cant efforts arespendon their appro-
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priateappearancelhedesignis constrainedy therequired
lighting propertiesput alsoby the shapeandplacementlic-
tatedby the designof the carbody andotherfactors.

Currently for eachnew modelof acarseveraliterationsof
building and evaluating physicalprototypesare performed.
Eachiterationtakesseveralweeksto monthsandis fairly ex-
pensve dueto custom-madeéoolsrequiredto form thefront
glassandthere ector. Virtual prototypingshouldbe ableto
reducethe numberof physicalprototypes,andreducecost
andtime in thedesignprocess.

However, therearemary constraintshat mustbe metin
orderfor a visualizationtechniqueto be usedin the daily
designprocess.




Benthinetal / InteractiveHeadlightSimulation

1.1. Realism

Designerandmanagersnustbeableto rely onthedatapro-
vided by the visualizationof a prototype.They cannot the
lossof realismandaccurag causedy coarsdimitationsin
currentgraphicshardware.With currentgraphicgechnology
the accurayg, quality, andrealismof virtual prototypesare
inadequatasthebasisfor importantdesigndecisionsHard-
wareheaily relieson approximationdor renderingimpor
tantvisualeffects.For example,it isimpossiblego accurately
simulatethere ection andrefractionof light in curved sur
faceswith rasterizatiorhardware. Ray tracing, howvever, is
ableto simulatetheseeffectsbut dueto its high computional
costis still usedonly asanof ine visualizationtechnique.

1.2. Interactivity

Interactvity is anotherkey factorfor the effective visualiza-
tion of prototypes Certainoptical effects may only appear
duringinteractiorwith theprototype Thisis particularlyrel-
evant for optical effects, suchas highlights and re ection
patternsin especiallydesignedre ectors. Such highlights
appearonly from very speci ¢ positionsor lighting condi-
tions. Designeramustbe able to interactvely explore such
situationsn orderto nd optimalsolutions.

1.3. Geometric Complexity and Automatic Processing

Theoriginal carmodelsusedby designsystemsareoften of
high geometriccompleity. This resultsfrom the fact that
thesesystemsusually work with free-form geometrylike
NURBS, and usetessellationto convert themto triangles,
oftenyielding hundredsof thousandof triangles.Further
more, modeling tools also use libraries of existing parts,
which canbe arbitrarily geometricallycomplex themseles,
eventhoughthey form only aminor partof thewholemodel.

The geometriccomplity of the whole modelis usually
too high for currentgraphicshardware, and hasto be re-
ducedto tractablelevels. This processs usuallyonly semi-
automaticandrequiressigni cant time andmanualeffort. It
would be highly desirableto have a systemthatcanhandle
thegeometriccomplexity of theoriginal model.

2. Previous Work

Thereis 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/Alias Wavefront). Specifyingand renderingthe an-
imationalonemaytake several daysandis often performed
over the weelend. Even then, the resultsare not adequate
for critical decisionsasthey do notallow interactive explo-
ration.

Rasterizatiorhasedsystemsdo not allow accuratesimu-
lation of re ections off curved surfacesnor canthey handle
multiplere ectionsandself-re ection.

Ray Tracing would allow for an accuratesimulation of
the optical effectsin headlights but hasbeentoo slow for
interactive use.Recently systemdor interactize ray tracing
have beendeveloped:Using a large sharedmemorysuper
computerMusset.al 2 4 have demonstratethatatraditional
raytracercaninteractiely renderseveralhundredhousands
of CSGprimitivesthatwould correspondo several million
polygonsaftertesselation.

Similarly, at the University of Utah Parker et. al ¢ have
built aninteractie ray tracingsystenthatis alsobasecon a
large shared-memorgomputerBesidestandarday tracing
their systemis beingusedto visualizevolumetricdatasets
andto renderhigh-qualityiso-surfices >.

RecentlyWaldet.al 3 11 shovedthatdistributedraytrac-
ing usinga clusterof commodityPCsis alsoableto interac-
tively visualizehighly complex modelswith up to 12.5mil-
lion polygons.Wald et al. alsodemonstratedhat their ray
tracingenginecanbeusedto build aninteractve globalillu-
minationsystem!2, We build on this distributedray tracing
enginefor this casestudy

3. Headlight Visualization - A CaseStudy

In orderto provide exactresultsfor the visualizationof car
headlightswe usea distributedray tracingsystemrunning
on commodityPC hardware. In orderto be usablein prac-
tice, our visualizationsystemhasto meetseveral require-
ments.

First, our systemhasto meetthe quality standardset
by the car industry Even thoughno actual physicalcom-
parisonshave been performedyet, the renderingquality
achieved by our systemshouldat leastmatchthe quality of
the currentoff-line visualizationtools. In generalthe sys-
tem hasto be 'sufciently accurate'to help the designers
in their designdecisionsTherefore we have beenprovided
with severalreferencamageg(seeFigureb).

Secondthesystemhasto deliverinteractve performance.
It should allow the userto move to and inspectary de-
siredlocationwith interactve feedback(i.e. morethanone
frame/sechtvideoresolution.

Third, the geometryhandlingshouldbe fully automatic.
In our example, the headlightmodel consistsof roughly
800,000Qrianglesin total. Thiswould alreadybechallenging
for mary systemdaseddntrianglerasterizationDueto the
logarithmiccostin scenecompleity it is a rathermoderate
scenecompleity for ray tracing.Thereforewe candirectly
loadthe original modelwithout the needfor geometricsim-
pli cation andapproximations.

Finally, the price of a systemhasprovento be only a mi-
norissueif 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 Environment

In orderto achieve interactve ray tracing performanceywe

usethe OpenR' renderingengine??, which providesa sim-
ple interface to a fast distributed ray tracing system.An

OpenR-basedvVRML viewer parsesall geometrydataand
transferst to theray tracingcore.Communicatiorbetween
VRML applicationand library is doneexclusiely via the
OpenR API. The simulationcodeitself is implementedas
asurfaceshadeiattachedo speci c geometry

As mentionedbeforethe OpenR' ray tracing core sup-
portsdistributedrenderingon a clusterof commodityPCs.It
usesaclient/sener-basedarchitecturavherethesenerhosts
theapplicationandaclusterof clientPCsis usedfor render
ing. All OpenR’ commandsincluding scenedatais broad-
castto all renderingclients.In orderto exploit the compute
power of all clientsthesener usesdynamicloadbalancing®
andschedulesvork basednimagetiles. After animagetile
hasbeenrenderedy aclient, thecorrespondingolorinfor-
mationis sentbackto thesener.

Due to the ray-tracing-basedenderingcore a spatialin-
dex structurehasto be built beforerendering.Building this
datastructureandtransferringall requireddatatakesonly a
coupleof secondsin orderto achieve betterimagequality
without lossin performanceOpenR supportsprogressie
anti-aliasingif nouserinteractionoccurssubsequerframes
will beaccumulatedisingdifferentpixel samplingpatterns
perframe.

4.2. GlassSimulation

As the re ective and refractive nature of the glassbody
formstheactualcoreproblemof theapplicationmostwork

hasbeenspenton the glasssimulation.However, evenwith

avery fastray tracingsystemsomecompromise$adto be
madeto achieve interactve performanceHowever, thesame
limitationsalsoholdfor thecurrentlyusedoff-line visualiza-
tion tools.

Currently our system does not handle wavelength-
speci ¢ effects,andusesonly asingleindex of refractionfor
all colorcomponentsAs such prism-efectswill notbesim-
ulated.Similarly, we currentlyignorepolarizationeffects.

For the actualre ection and refractioncalculations,our
glassshaderis in principle not much different from other
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glassshaderausedin mary ray tracers.For eachincoming
ray, a re ection and a refractionray are generatedrecur

sively tracedthroughthe environment, and weighedwith

their respectre physicalcontribution basedon the respec-
tive Fresneterm.

However, someimportantdifferenceslo exist: In orderto
avoid in nite recursionfor rays being'trapped'in a glass
body mostray tracersusuallyspecifyamaximumre ection
depthof usually4 to 8. For a simulationof sucha comple
glassbody asusedin our system,this would not be suf-
cient: A typical ray hasto enterand leave the front glass,
perhappasshroughtwo layersof glasssurfaceon thefront
andtwo onthebackof thelight bulb beforehitting there ec-
tor, andhasto take the sameway out, not even considering
multiple re ections insidethe object. The maximumrecur
sionlevel usedto computethedifferentpixelscanbeseenn
Figurel.

Figure 1: The left image illustratesthe recursion depth
required for computingead pixel (accumacy 95%). Each
color correspondgo a different depth: bladk(0), blue( 5),
magenta( 10), green( 15), yellow( 20), red( 25). The
right image showsthe original image for comparisons.

Onthe otherhand,tracingraysup to arecursionlevel of
20 andmorecreatesa hugeperformanceroblem:As glass
is usuallybothre ective andrefractive, tracingbothraysat
eachrecursionlevel would leadto an exponentialexplosion
of raystracedperpixel (approximatelyonemillion for asin-
gle pixel with re ection depth20). Sub-samplinghe whole
shadingtree with Monte Carlo techniquesuchas Russian
Roulettesamplingat eachrecursionlevel is an option, but
wouldrequireconsiderableffort to remove theMonteCarlo
noisethat would be extremely disturbingin an interactve
setting.

To overcomethis problem,we currentlytrack the contri-
bution of eachpathto the actualpixel. Purely local deci-
sion— e.g. by comparingeachlocal weightto a minimum
threshold-is not sufcient, asthe accumulatiorof weights
canleadto a ray becomingunimportanteven thoughevery
local weightis above the threshold However, this requires
that the different shadersn the systemhave to communi-
cateon which valueshave to betracked andupdatecat each
re ection point.
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By not tracing pathsthat would not leadto a signi cant
pixel contritution, the raystracedper pixel canbe reduced
to atolerablelevel. We de ne this contritution thresholdas
‘accurag'. An accurag of 99% meansthat a ray will be
terminatedf its pixel contritution is belov 1%. Testshave
shavn thatusinganaccurag of morethan95%producesio
visual impraovement.Figure 2 presentghe numberof rays
shotperpixel usinganaccurayof 95%.

Figure 2: Theleft image showsthe numberof raysusedto

computeead pixel (accuacy 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 showsthe original image for comparisons.

4.3. High-Dynamic-RangeEnvironment Map

Due to the highly re ective natureof the headlight,almost
all illumination comesfrom the environment. In order to

simulatetheseeffects,we took the commonapproactof us-
ing anenvironmentmap.Realernvironmentsusuallycover a

highdynamicrangeof radiancevalues As such,usinghigh-

dynamic-rangervironmentmapsis very important,asthey

increasehe delity of theimagesAs our renderingengine
usesfull oating pointaccurag for all lighting andshading
computationsthis was easilyintegratedinto our visualiza-
tion system.SeeFigure 3 for the impactof high-dynamic
rangeeffects. In principle, supportinghigh-dynamicrange
environmentsallows to put the virtual headlightprototype
into ary kind of measurecervironment.

Figure 3: Enhancedvisual quality usinga High Dynamic
Rang EnvironmentMap: Low dynamicrange rgb erviron-
mentmapontheleft,anda high dynamicrange environment
mapon theright.

4.4. ToneMapping

Using high-dynamic-rangernvironmentmapsalsorequires
tonemapping®* beforedisplayingthe image.We currently
usethetonemappingmethodproposedy Schlick®. As our

systemis purely software-basedimplementingtone map-
ping is straightforward. However, somecautionhasto be

takendueto parallelizationasaclientsendnly discretized
8-bit RGB valuesbackto the sener, tone mappinghasto

be appliedon the clients. This is problematicbecausehe

tone mappingalgorithmsususallyneedinformation about
thewholeimage We solve this problemby adaptinghetone
mappingparametersor the next framebasedon the results
for the currentframe.Theimprovementsdueto usinghigh-

dynamic-rangervironmentmapsandtonemappingcanbe

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
framespersecondhtvideoresolution(of 640x480) Figure4
shaws the nearly linear scalability offered by the OpenR
ray tracingcoredependingon the numberof clients.

Figure 4: Framerate of our systemat variousimage reso-
lutions,andwith differentnumbes of clients: Aimostlinear
scalabilityis achievedevenupto 16 clients(32 CPUSs).

Dueto thelimitations of theunderlyingnetwork architec-
ture (bandwidth,lateng), our systemcurrently cannothan-
dle efciently the broadcastof the whole geometryper
frame.However, the locationof certain(static)partscanbe
interactively changedAs such,thelight bulb canbe moved
out of the lamp, the glasscover canbe taken off, etc. Other
missingeffectsasdiscussedh Sectior4.2canbeaddedeas-
ily.

As describedbefore,we have beenprovided with refer
enceimagescreatedwith the previously usedoff-line vi-
sualizationtools. Comparingour imagesto thesereference
imagesdemonstrat¢hat our systemoffers at leastthe same

¢ TheEurographic#ssociation2002.



Benthinetal / InteractiveHeadlightSimulation

Figure 5: Renderingquality achievedby our visualizationsystem Theleft image illustratesthe refelencequality producedby
an off-line ray tracer and the right image showsthe quality achieved by our systemFor comparisonthe middleimage is a

photoof the physicalmodel.

quality— but atinteractive speedsComparingto actualpho-
tographsof a physicalmodelof the headlightshav thatwe
areableto achieve a very realisticvisualization,ascanbe
seenin Figureb.

6. Conclusionsand Futur e Work

This paperdemonstrateshat interactve ray tracingis be-
comingan importantalternatve to currentinteractve visu-
alizationtechniquesFor someapplications like the head-
light simulationdiscussedhere,it is theonly viablesolution.
As the trendtowardsmorerealismandgeometricallymore
complex modelscontinuesijt seemghatray tracingwill be-
comeincreasinglyimportantfor futureapplications.

Of particularimportancein this context is the e xibility
of extendingthe basicray tracing algorithmswith custom
programmedshadersWith ray tracing,shadings separated
from visibility computationsandis not constrainecby the
strict pipeline model of rasterizationhardware. Therefore,
differentshaderareindependentf eachotherandaremuch
simplerto write.

Implementatiorof the headlightsimulationrequiredrela-
tively little effort, asmostof theactualwork is performedby
theunderlyingrenderingengine Thereforemodi cationsto
the systemcanalsobe appliedby non-epertusersthrough
editingtheshaders.

Highly comple lighting simulationsastheonepresented
here still requireconsiderableomputepowerin theform of
asmallPC cluster EventhoughMoore's law will helpover
time, it seemaecessaryo addsomeform of hardwaresup-
port. Both CPU andGPUdesignersarecurrentlyinvestigat-
ing suchhardwaresupportfor ray tracing.

Our system dependsmainly on dynamically loaded
shadersanddoesnot interferewith the underlyinginterac-
tive distributedray tracingengine Thereforewe canexploit
the full performanceof the OpenR renderingengine,and
canefciently scaleto mary CPUs.Using a clusterof 16
Dual-AthlonMP 1800+ PCs,we are ableto achieve frame
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ratesup to 10 framesper secondor the completere ection
simulationat a resolutionsf 640x480pixels.

Due to the OpenR"s ability to handlecomplex scenes,
we areableto directly handlethehigh geometriccompleity
of 800.000triangleswithout the needfor geometricsimpli-
cations and approximationsAs such,our systemis fully
automatic,and cangreatly reducethe turn-aroundtimesin
theindustrialdesignprocess.

In future,we areconsideringo make our systermavailable
to the industry by integrating it into commercialapplica-
tions.Furthermoreoursystenmcaneasilybeadaptedo solve
similar problemsin the industry e.g.simulatingre ections
in carwindshieldspor in instrumentf aircraftcockpits.Fi-
nally, it would bedesirabldo integratethe systemwith afull
lighting simulationin orderto be ableto alsovisualizethe
lighting effectsof the headlight.
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