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1 Which RenderersSupport CustomShaders?

For �lm productionandspecialeffectsfor TV andmoviestheir arebasicallytwo
widespreadrenderersbut I will addanotherrendererto the list becausethis ren-
dererwasoriginally designedto be very closeto PRMan1 andI expect it to be
moreandmoreimportantto theindustryin thefuture:

� RenderMan compatiblerenderers. RenderManR
�

is a registeredtrade-
mark of Pixar. The RenderManInterfaceis a standardinterfacebetween
modellingprogramsandrenderingprogramscapableof producingphoto–
realisticquality images. It' s de�ned in a speci�cationpublishedby Pixar
underthe title The RenderManInterface. Thereare a lot of RenderMan
compatiblerenderersbut I will focusonly on a few of them:

– PRMan2 This is Pixar's implementationof theRenderManInterface.
In thepastit wasapurescanlinerendererbasedontheREYES3 archi-
tecture.Todayit' s a hybrid approachwhich includesray tracingand
global illumination features.Pixarpublishedthebasicsaboutshader
writing andRenderManin thebook[1] whichwasfor averylongtime
theonly bookavailableon this subject.

– AIR is anothercommercialimplementationof theRenderManInter-
facebut becauseof it' s low price it' s an alternative to PRManandit
hasa few very interestingfeatures4.

– Pixie is a freeimplementationandoneof theRenderMancompatible
rendererswhich comewith the full sourcecode. I think this is inter-
estedlyenoughto mentionherefor thefew peoplewho would like to
know moreabout: How to implementa RenderMancompatibleren-
derer?

– BMRT5 wasfor alongtimetheonly freelyavailableRenderMancom-
patiblerenderer. Albeit it did notcomewith thesourcecode.Therea-
sonwhy I mentionit hereis thatyoustill can�nd versionsof BMRT on
the Internetandthat thebook [2] is aboutPRManandBMRT. There
aremany examplesin that book which will work for both renderers
withoutchangingtheshaders.

1Seebelow for reference
2PhotoRealisticRenderMan
3RendersEverythingYouEverSaw
4E.g. it' s variantcalledBakeAIR which is usedfor bakingall kind of informationavailable

duringrenderingtime.
5BlueMoonRenderingTools
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– Entropy wasa commercialimplementationof theRenderManInter-
faceby a company calledExlunabut it disappearedfrom the market
afterSIGGRAPH2002togetherwith theof�cial webpagefor BMRT.
Both rendererswereimplementedby Larry Gritz thecoauthorof the
book[2] andyouwill still �nd a lot of usefulcommentsby him onthe
newsgroupaboutRenderMan6.

– Angel waswritten by theauthorof thethird bookaboutRenderMan.
See[3] for reference.Therendereris freely availablefor Linux, free-
BSD,SGI,andWindowsandtherewasalsoaport to thePlaystation.

� Mental Ray is a commercialgeneral–purposerendererfrom a company
calledmentalimages. See[4] and [5] for references.You can't buy the
softwaredirectly from mentalimagesbut it' s integratedin a lot of commer-
cial modellingandanimationsystemsandyou canget the software from
dealersfor this packages.With the latesteditionof thesecondbookabout
mentalrayyouwill getademoversionof therendererwhichshouldenable
youto useall shaderwriting techniquesdescribedin bothbookswithoutthe
needto buy a full licenseof therenderer.

� Mantra is a rendererwhich comeswith Houdini from SideEffects. Hou-
dini's VEX languageis looselybasedon the C languagebut takespieces
from C++ aswell astheRenderManTM shadinglanguage.Thereasonwhy
I includethis rendereris thatSideEffectsoffersa non–commercialversion
calledHoudini Apprenticeandyou canrenderwith Mantrafor free. The
commercialversionallowsyouto renderwith bothPRMan7 andmentalray.
Houdini'sVEX Builder canbeusedto write shadersfor Mantraby simply
connectingoperators.This is a conceptwhich is found in otherpackages
aswell andin theoryyou canuseit to write even shadersfor RenderMan
andmentalray. PixaroffersaprogramcalledSLIM with theirRenderMan
Artist Tools(RAT) andAIR comeswith asimilarprogramcalledVshade8.

2 How Many ShaderTypesAr eThere?

Dependenton the rendereryou are going to usethereare several shader
typessupported.

6comp.graphics.rendering.renderman
7or any otherRenderMancompatiblerenderer
8availableonly for Windows
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2.1 RenderMan

For mostRenderMancompatiblerenderersyou will �nd following shader
types:

– SurfaceShaders: Surfaceshadersareattachedto all geometricprim-
itivesandareusedto model the optical propertiesof materialsfrom
which theprimitive wasconstructed.A surfaceshadercomputesthe
light re�ectedin a particulardirectionby summingover theincoming
light andconsideringthepropertiesof thesurface.

– Light SourceShaders: A light sourceshadercalculatesthecolor of
the light emittedfrom a point on the light sourcetowardsa point on
the surfacebeingilluminated. A light will typically have a color or
spectrum,an intensity, a directionaldependency anda fall–off with
distance.

– Volume Shaders: Volumeshadersmodulatethe color of a light ray
asit travels througha volume. Volumesarede�ned asthe insidesof
solid objects.Theatmosphereis theinitial volumede�ned beforeany
objectsarecreated.

– DisplacementShaders: Displacementshaderschangethe normals
and/orpositionof pointsonthesurfaceandcanbeusedtoplacebumps
onsurfaces.

– Imager Shaders: An imagershadermanipulatesa �nal pixel color
afterall of thegeometricandshadingprocessinghasconcluded.

A goodsourcefor RenderManshadersis thefollowing webpage:

http://www.renderman.org

2.2 Mental Ray

– Material Shadersaremaybethemostimportantshadertypein mental
ray. They are called whenever a visible ray (eye ray, re�ected ray,
refractedray, or transparency ray)hitsanobject.

– VolumeShadersmaybeattachedto thecameraor to amaterial.They
acceptan input color that they areexpectedto modify to accountfor
thedistancetheray travelledthroughavolume.

– Light Shadersarecalledfrom othershadersby samplinga light or
directly if a rayhitsasource.
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– Shadow Shadersarecalledinsteadof materialshaderswhenashadow
ray intersectswith anobject.Shadow raysarecastby light sourcesto
determinevisibility of anilluminatedobject.

– Envir onment Shadersprovide a color for rays that leave the scene
entirely, andfor raysthatwouldexceedthetracedepthlimit.

– Photon Shadersareusedin thephotontracingphaseto computethe
photonmapsthatareusedto simulatecausticsandglobalillumination.

– Photon Volume Shadersaresimilar to photonshadersin the same
waythatvolumeshadersaresimilar to materialshaders:they compute
indirectlight interactionsin volumes,suchasvolumescattering.

– PhotonEmitter Shadersareusedin thephotontracingphaseto con-
trol theemissionof photonsfrom thelight sources.

– Texture Shadersare called exclusively by other shadersto relieve
othershaders,suchasmaterialor environmentshaders,from perform-
ing colorandothercomputations.

– DisplacementShadersarecalledduring tessellationof polygonalor
free–formsurfacegeometry. Whenever the tessellatorintroducesor
copiesa vertex, thedisplacementshaderis calledandexpectedto re-
turn a scalarvaluethat tells the tessellatorto move thevertex by this
distancealongits normalvector.

– Geometry Shadersarefunctionsthat procedurallycreategeometric
objects. It allows mentalray to storesmall andsimpleplaceholders
in thescene,andgeneratetheobjectsonly whenthey areneeded,and
remove themfrom thecachewhenthey areno longerneeded.

– Contour Shaderscomputecontourcolorsandwidths. Any informa-
tion aboutthegeometry, illumination, andmaterialsof thescenecan
beused.

– Lens Shadersarecalledwhena primary ray is castby the camera.
They maymodify theeyeray'sorigin anddirectionto implementcam-
erasotherthanthestandardpinholecamera,andmaymodify theresult
of theprimaryray to implementeffectssuchaslens�ares.

– Output Shadersarecalledwhentheentirescenehasbeencompletely
rendered.They modify the resultingimageor imagesto implement
special�ltering or compositingoperations.

– Lightmap Shaderssampletheobjectthatthematerialis attachedto,
andcomputea mapthat containsinformationaboutthe object. This
canbeusedto bake illumination solutionsor storevertex colorsfor a
hardwaregameengine.
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The sourcecodefor a lot of mentalray shaderscanbe downloadedfrom
mentalimages'FTPsite:

ftp://ftp.mentalimages.com/pub/ shad ers/

2.3 Mantra

Don't worry aboutthedetailsgivenhere. Importantis at themomentonly
thatthereareseveralshadertypes.SeeHoudini'sdocumentation:

$HH/vex/html/shading.html

– DisplacementShaders: Displacementshadingcanbe usedto move
the positionof the surfacebeforethe surfacegetsrendered.It is in-
tendedasa mechanismto add�ne detail to a surface,not asa mod-
elling technique.

– Fog Shaders: A fog shaderis responsiblefor modifying theCf , Of
or Af variablesafter thesurfaceshaderhascompletedits shading.It
is possibleto useilluminance() statementsinsideof fog shaders.

– Image3DShaders: Create3D textures.

– Light Shaderswill get called from surfaceor fog shadersto com-
putethe illumination from a givenlight source.The light shadercan
be invoked using the illuminance() loop or using the standard
diffuse() , specular() , etc.functions.

– Photon Shaders: WhenMantra is generatingphotonmaps,photon
shadersare usedinsteadof surfaceshaders.Thus, the photoncon-
text is very similar to the surfacecontext. However, becauseof the
behaviouraldifferencesbetweenthecontexts,mostof thesurfacecon-
text speci�c functionsarenotvalid in thephotoncontext.

– Shadow Shaders: Shadow shaderswill getcalledfrom surfaceor fog
shaderstooccludetheilluminationfromagivenlight source.Thelight
will alreadyhavebeencomputedby callingthelight shader. Thefunc-
tion of a shadow shaderis to modify the Cl variable. Typically, the
light will beoccluded,causingtheCl variableto decreasein intensity.
However, it is possibleto create”negative” shadows,andincreasethe
illuminationdueto occlusion.
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– SurfaceShaders: Thesurfaceshadingcontext's purposeis to setthe
�nal color, opacityandalphaof thesurfacebeingrendered.If theOf
andAf variablesarenotset,they will default to 1. If theAf variableis
notset,it will resolveto avg(Of) . It is possibleto settheAf variable
toany arbitraryvalue,makingit possibletobuild matte/cutoutshaders.

For helpaboutHoudinior Mantrapleasevisit thefollowing websitewhere
you can�nd tutorialsanddiscussionforums:

http://www.sidefx.com/community

2.4 Exercise

Try to �nd therelationshipbetweenshadersfor differentrenderers.

3 Quick Start

As you can seethereare so many optionsand it' s hard to get started. I
would considerstartingwith a RenderMan compatiblerenderer�rst to be
easierbut onceyougot thebasicsthereis a lot moreto do andtheconcepts
behindmental ray arequitepowerful.

Themostfrustratingexperiencewhenyou startto work with renderersand
try to write customsshadersis to end up with an empty (black) picture.
I would encourageyou to try to understandat least the humanreadable
versionsof scenedescriptionsfor severalrenderers.You might never have
to write them yourself in a text editor but it certainlyhelpsif you know
aboutRIB 9 or MI 10 �les. A lot of productionpipelinesstill export scene
description�les in ASCII formatonceandthenmodify themwith little shell
(Perl,Python,etc.) scriptsto renderfor examplein severalpasses(beauty,
shadow, light, ...). Soit' s goodto know wheretheshadersarespeci�ed(or
called)in theresultingscenedescription�les.

Most of theRenderMancompatiblerenderersallow you to renderwithout
any lights de�ned in the scene.The default behaviour is “f aking” a light
sourceby renderingthesceneastherewould bea light sourcede�ned. To
bemorespeci�c: If youdonotspecifyany surfaceshaderthenaRenderMan
compatiblerendererusesasurfaceshadercalleddefaultsurface . This

9RenderManInterfaceBytestreamProtocol
10This is mentalray'sscenedescription�le format.



c
�

JanWalter2003/04 10

surfaceshaderis ableto renderthescenewithoutany lightsde�nedbecause
it doestake only the normalandthe incidentvector into accountwithout
askingthelights for their contribution. Mental ray will renderwithout any
lights de�ned but theresultwill bea “black” image.First thingyou should
learn is to usethe alphachannelfor the resultingimages. You could at
leastcheckif somethingis in “front” of yourcameraby lookingat thealpha
channelof theresultingimage.In a RIB �le you will �nd a similar line to
theonebelow:

Display "imageFilename.tiff" "file" "rgba"

You cancheckthesyntaxandpossibleparametersin Pixar's documentThe
RenderManInterface. Herejust a quick reminderwhat this line speci�es:
ThenameimageFilename.tiff couldbethenameof a frame–buffer
or (in this case)the �lename of the resultingimage. The type file has
to besupportedby all RenderMancompatiblerenderersandstandsfor the
default �le format. Themodergba speci�esred, green, blue, andalpha
channelsin theresultingoutputpicture.For mentalrayyoushouldlook for
a line like this in theMI �le:

output ["type"] "format" [opt] "filename"

Seechapter11in thebook[4] for anexplanation.If youchoosefor example
rgb for theformat anddonotspecifytheoptionalparameterstype andopt
the resultingimagewith thenamefilename will have analphachannel
aswell becausethenot speci�edtype will default to rgba .

3.1 A ConstantSurfaceShader

We will startwith a very simplesurfaceshaderwhich shows you how the
resultsof yourshadercalculationsarepassedbackto therenderer. Wedon't
worry aboutinputparametersyet but you will learnthatRenderManusesa
graphicsstatewhich includesshadingattributeslike the currentcolor and
currentopacity. Thisattributesareknown insidetheshaderasif they would
have beende�ned globally (outsidethe shader).Mental ray usesanother
mechanism.It passesthe stateexplicitly to the shadersandthey grabthe
informationneededby calling functionsto extracttheneededbits.
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3.1.1 RenderMan

Beforewe will look into light shaderswe will startwith a simplesurface
shader. Oneof thestandardshadersshippingwith all RenderMancompati-
ble renderersis theconstant surfaceshader:

surface constant()
{

Oi = Os;
Ci = Os * Cs;

}

The sourcecodespeci�es the shadertype (surface ), the shadername
(constant ), andusesonly prede�nedsurfaceshadervariables11. Seeta-
ble 1 for anexplanationof theprede�nedsurfaceshadervariableswe used
sofarandtable3 on page73 for a completetable.

Name Type Description
Cs color Surfacecolor
Os color Surfaceopacity
Ci color Incidentraycolor
Oi color Incidentrayopacity

Table1: A few prede�nedsurfaceshadervariables

In aRenderMansurfaceshaderyouwill setthevariablesOi andCi to new
values.In thiscaseyousimplycopy thevaluefor theincomingopacityand
you multiply the alreadyexisting color by the opacityvalue. This allows
colors from behindthe surfaceto show throughwithout over�owing the
boundsof acolor.

With AIR therecomesaprogramcalledVshade for theWindowsplatform.
You canusethat programto write the shadervisually, compile it with an
userinterface,and renderdirectly to seethe effect. The constantshader
would look like in �gure 1.

But wheredo thevaluesfor Os andCs comefrom? They might bethede-
fault values(if not speci�ed)or youwill �nd a line startingwith Opacity
or Color in the RIB �le (just beforethe surfaceshaderis calledandat-
tachedto thefollowing geometrywith Surface "constant" ).

11SeePixar's documentThe RenderManInterfacefor a completelist of prede�nedsurface
shadervariables.
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Figure1: Vshade

You candownloadthe RIB �le 12 which wasusedto renderthe picture in
�gure 2 from thesamewebpagewhereyou got thisdocument.

Basicallythereis a planein front of a morecomplicatedmeshwhich looks
like a monkey. Theplanehastheconstantsurfaceshaderattachedandde-
�nes agreencolorandahalf transparentmaterial:

...
# Plane
Color [ 0 1 0 ]
Opacity [ 0.5 0.5 0.5 ]
Surface "constant"
PointsPolygons ...

...

3.1.2 Mental Ray

The shaderwhich can be usedto createa similar effect in mentalray is
called mib_opacity and seemsto be signi�cantly more complicated.
You candownloadthe MI �le 13, renderit with the standardshadersship-
pingwith mentalray, andhavea look into theMI �le to seehow theshader
is attachedto thegeometry:

...
camera "Camera"
...

output "rgb" "constant.rgb"
...
end camera

12It' s calledconstant.rib.
13It' s calledconstant.mi.
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Figure2: Usingtheconstantshader

...
material "mtl2"

opaque
"mib_opacity" (

"input" 0.0 1.0 0.0,
"opacity" 0.5 0.5 0.5

)
end material
...
object "Plane"

visible trace shadow
tag 1
group

1.0 1.0 0.0
1.0 -1.0 0.0
-1.0 -1.0 0.0
-1.0 1.0 0.0
v 0
v 1
v 2
v 3
p "mtl2" 0 3 2 1

end group
end object
...

I will not explain how a mentalray �le is structuredbut hereis in short
how the shaderis attachedto the geometry:The shaderis de�ned in the
material blockandthetwo necessaryparametersinput andopacity
are set to the samevaluesas in the RenderManexample. The shaderis
attachedto thegeometryin theobject de�nition by mentioningthename
of thematerial.
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Theshadermib_opacity is not really meantto beusedasa standalone
materialshaderbut you canuseit asone.Normally you would useit asan
building block of a so–calledPhenomenonTM. But that's somethingI will
explain later.

Have a look at thesourcecodefor mib_opacity below. It shouldeither
comewith your mentalray distributionor canbedownloadedfrom mental
images'FTPsite14.

...
DLLEXPORTmiBoolean mib_opacity(

miColor *result,
miState *state,
struct mo *paras)

{
register miColor *opacity = mi_eval_color(&paras->opacity);
miColor inp;

if (opacity->r == 1.0 && opacity->g == 1.0 &&
opacity->b == 1.0 && opacity->a == 1.0)

*result = *mi_eval_color(&paras->input);
else {

mi_trace_transparent(result, state);

if (opacity->r != 0.0 || opacity->g != 0.0 ||
opacity->b != 0.0 || opacity->a != 0.0) {

inp = *mi_eval_color(&paras->input);
result->r = result->r * (1.0 - opacity->r) +

inp.r * opacity->r;
result->g = result->g * (1.0 - opacity->g) +

inp.g * opacity->g;
result->b = result->b * (1.0 - opacity->b) +

inp.b * opacity->b;
result->a = result->a * (1.0 - opacity->a) +

inp.a * opacity->a;
}

}
return(miTRUE);

}

The resultof the mib_opacity function (andmostmentalray shaders)
is storedin the variableresult . In contrastto the shaderlanguageof
RenderManyou arenot forcedto usethat namebut mostof the example
shaderswill. Thethreecallsof thefunctionmi_eval_color areusedto
retrieve theshaderparametersfrom theMI �le 15.

If theopacityis “opaque”just theinput color is returned.If thematerial
is at leastabit transparentyouhaveto elongatetheincomingrayby calling

14Seesection2.2.
15They arestoredin the structparas but that's the function you shoulduseto extract the pa-

rametersof typemiColor . Thereasonfor this is thatshaderscanoperatein thecontextsof shader
assignmentsandphenomenawithout needingknowledgeof the context, which is automatically
handled.
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mi_trace_transparent 16. The call might modify the resultalready
beforeit getmixedwith thecurrentcolorbasedon theopacity value.

3.1.3 Mantra

In Houdini youcanusetheso–calledVEX Builder to createVEX code.
Houdini'sVEX languageis looselybasedontheC languagebut takespieces
from C++ aswell astheRenderManTM shadinglanguage.InsideHoudini's
VEX Builder you canwrite VEX codewith visual programming.You
simplycreatenodesandlink themtogether. TheVEX codeis automatically
created,compiled,andexecuted.

In �gure 3 youseetheconstantshaderin Houdini. Ontheright sidethereis
aViewer Pane whichshowsyou theresultof thesurfaceshaderapplied
to a sphere.You canselectseveral shapesto testyour shaderor createa
whole scenewith othershapes.In the latter caseyou have to attachthe
shaderexplicitly to the geometry. You can selectseveral backgrounds17

which is quiteusefulin thiscaseto seethetransparency. Youhave to check
the button to the right of the Background button to turn on the alpha
display.

Figure3: TheVEX Builder

16Thisdoesnot changethedirectionof therayandis thereforemoreef�cient thanothercalls.
17The button with the label Background at the bottomof the Viewer Panegivesyou several

options.
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3.2 How Do Several ShadersWorks Together?

3.2.1 RenderMan

Let's startwith theinteractionbetweenlight andsurfaceshaders.I explain
the detailswhile we aredoing a few tests.Pleasereadsection5 for more
detailsaboutlight shaders.

WecreateaverysimpleRIB �le:

# test.rib
Exposure 1.0 2.2
Display "test.tiff" "file" "rgba"
Format 508 380 1.0
Projection "perspective" "fov" [ 90 ]
WorldBegin

LightSource "pointlight" 0
AttributeBegin

Surface "plastic"
Translate 0 0 1
Patch "bilinear"
"P" [ -1.0 -1.0 0.0 1.0 -1.0 0.0 -1.0 1.0 0.0 1.0 1.0 0.0 ]

AttributeEnd
WorldEnd

You could renderthis RIB �le e.g. with render test.rib andcheck
that thereis somethingin front of your camerabeforeyou startdoingyour
own tests. It' s a simplebilinearpatchwith 4 control pointsin front of the
camerawith a �eld of view of 90 degreesandtranslatedalongthepositive
z–axis18.

Now westartto replacethesurfaceshaderandthelight shaderwith ourown
shaders.But �rst changetheresolutionof theresultingimage.Changethe
line Format 508 380 1.0 to Format 5 4 1.0 . This will reduce
the resolutionto only a few pixels in eachdirection. You will soonsee
why. Thenext thing which might helpcompilingyour shadersevery time
youchangea line is to createaMakefile andautomatetherenderingand
shadercompiling:

# Makefile

SHADER= shader
RENDER= render
EXT = slo

all: test.tiff

myLight.$(EXT): myLight.sl

18Thecamerais looking down thepositivez–axisby default.
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$(SHADER) myLight.sl

mySurface.$(EXT): mySurface.sl
$(SHADER) mySurface.sl

test.tiff: test.rib myLight.$(EXT) mySurface.$(EXT)
$(RENDER) test.rib

clean:
-rm -f *˜ *.$(EXT) test.tiff

Now you just typemake to compiletheshadersandrenderapicturecalled
test.tiff . Go back to the RIB �le and changethe lines where the
shadersarecalledto useyour own light andsurfaceshader:

...
LightSource "myLight" 0
AttributeBegin

Surface "mySurface"
...

We arereadyto createthe two shaders.For a startwe just print somein-
formation that the shaderwas called. That's why we reducedthe image
resolutionto createonly a few linesof output.Thelight shadershouldlook
like this:

/* myLight */

light
myLight()
{

printf("myLight\n");
}

Thesurfaceshaderlooksverysimilar:

/* mySurface */

surface
mySurface()
{

printf("mySurface\n");
}

But if you rendertheimageonly outputfrom thesurfaceshaderis printed.
That meansthe light shadernever getscalled. OK, maybewe shoulduse
theoutputvariables.Leave theprintf line asit is but addotherlines to
make thesurfaceshaderactlike thestandardconstant shader:
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/* mySurface */

surface
mySurface()
{

printf("mySurface\n");
Oi = Os;
Ci = Os * Cs;

}

Thelight shadershouldbesimilar to thestandardambientlight :

/* myLight */

light
myLight()
{

printf("myLight\n");
Cl = color (1.0, 1.0, 1.0);

}

We don't useshaderparametersat themoment.Most of the time you will
startwith �x edvaluesin yourshadersandmakethemstepby stepavailable
asshaderparameterslaterto givetheusersof yourshadersthepossibilityto
changethingsfrom outsideyour shaderwithout changingtheshaderitself
anymore.

If you run the test againyou will notice that the light shaderstill is not
called.Why? Well, thesurfaceshaderhasto call somefunctionsto invoke
thelight shader. Let's replacethelastline in thesurfaceshader:

Ci = Os * Cs * ambient();

Our ambientlight sourceshaderwill now becalled. The light shaderacts
like an ambientlight sourcebecauseit doesnot usea illuminate or
solar statement.Seesection5.1.

The outputof the shadersmight look different for several renderers.For
PRMan �rst only callsto thesurfaceshaderaremade;afterthatonly calls
to thelight shaderaremade19. For BMRT or AIR thecallsareintermixed;
onecall to thesurfaceshader, onecall to thelight shader, etc.Thisshouldn't
concernyou too muchaslong asbothshaderscreatethe sameoutputim-
agefor all RenderMancompliantrenderers.But it shows for the �rst time
that thingsmight be handleddifferently for all this RenderMancompliant
renderers.

19A possiblereasonfor this might bethe intentionto useSIMD — Single–InstructionStream
Multiple–DataStream— architecturesfor rendering.
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For a completelist of Shadingand Lighting Functions I refer to theThe
RenderManInterfacedocumentfrom Pixar. Here just a list of functions
without furtherdetails20:

– ambient(): Seefor example the standardsurface shadersmatte ,
metal , shinymetal , plastic , or paintedplastic .

– diffuse(normal N): Seefor examplethe following standardsurface
shadersmatte , plastic , or paintedplastic .

– specular(normal N; vector V; �oat roughness): Seefor example
the standardsurfaceshadersmetal , shinymetal , plastic , or
paintedplastic .

– specularbrdf(vector L; normal N; vector V; �oat roughness)al-
lows usersto write an illuminanceloop that reproducesthe function-
ality of thespecular() function,evenif therendererhasanimple-
mentation–speci�cformulafor built–in specularre�ection.

– phong(normal N; vector V; �oat size)implementsthePhongspecu-
lar lighting model.

– trace(point P, point R): Seefor examplePixar'sglassrefr shader.

Now let's have a look at someof this functionsandtalk aboutsomething
elsewhich is importantin a realproductionpipeline. It' s very convenient
to renderseveral passesof a sceneanddo adjustmentsafterwardswith a
compositingsoftware.

Settheresolutionbackto thevaluesit hadbefore,getrid of theprintf()
statements,andchangethesurfaceshaderto:

/* mySurface */

surface
mySurface(float roughness = 0.1)
{

normal Nf = faceforward(normalize(N), I);

Oi = color 1;
Ci = (color(1, 0, 0) * ambient() +

color(0, 1, 0) * diffuse(Nf) +
color(0, 0, 1) * specular(Nf, normalize(-I), roughness));

}

Theresultis notveryexciting becausethelight shaderstill returnsonly the
ambientlighting. Let'schangethat21:

20All this functionsdo returna color.
21That's thestandardpointlight shaderby theway.
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/* myLight */

light
myLight(

float intensity = 1;
color lightcolor = 1;
point from = point "shader" (0,0,0);
)

{
illuminate(from)

Cl = intensity * lightcolor / L.L;
}

Basicallyyou separateandcolor encodethe ambient,diffuse,andspecu-
lar contribution. The ambientterm is in the red component,the diffuse
term in the greencomponent,andthe specularin the blue component.In
thecompositingprogramyou canseparatethethreecomponentsinto three
grey scalepictures,multiply it with any color you want, apply �lters e.g.
blur the highlight from the specularcontribution morein x–directionthan
in they–directionetc. This cansave a lot of renderingtime for a compli-
catedgeometryto matchthelighting andcoloringconditionsin life action.
You coulddo that in theoryfor every light. I useit hereonly to show you
that you shouldkeepthe post–productionin mind andthat you might use
basicallythe sameRIB �le for several passesandmodify certainpartsto
createseveralpictureswhich areusefulfor compositors.

The examplesceneis not very interesting. So replacethe linear patch
througha sphereandaddanambientlight sourceto getanextra light con-
tribution:

# test.rib
Exposure 1.0 2.2
Display "test.tiff" "file" "rgba"
Format 508 380 1.0
Projection "perspective" "fov" [ 90 ]
WorldBegin

LightSource "ambientlight" 0
LightSource "myLight" 1
AttributeBegin

Surface "mySurface"
Translate 0 0 2
Sphere 1 -1 1 360

AttributeEnd
WorldEnd

Exercises:

1. Try to usetheseparatinginto passeswith realproductionscenes.

2. Try to matchthelighting of aphotographwith realactorsor buildings
by addingvirtual components.
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3.2.2 Mental Ray

Now let'smakesomeexperimentswith mental ray. For light shadersplease
readchapter3.13of thebook [5], for materialshaderspleasereadchapter
3.8 of the samebook. Here is a simple scenesimilar to the RenderMan
examplein mentalray'sMI �le format:

verbose off
link "base.so"
$include <base.mi>
link "contour.so"
$include <contour.mi>
link "physics.so"
$include <physics.mi>

options "opt"
samples -1 2
contrast 0.1 0.1 0.1
object space

end options

camera "Camera"
frame 1
output "rgb" "test.rgb"
focal 12.0
aperture 32.0
aspect 1.33333333333
resolution 508 380

end camera

instance "Camera_inst" "Camera"
transform

1.0 0.0 0.0 0.0
0.0 1.0 0.0 0.0
0.0 0.0 1.0 0.0
0.0 0.0 0.0 1.0

end instance

light "Lamp"
"mib_light_point" (

"color" 1.0 1.0 1.0,
"shadow" false,
"factor" 1,
"atten" false,
"start" 0,
"stop" 1

)
origin 0.0 0.0 0.0

end light

instance "Lamp_inst" "Lamp"
transform

1.0 0.0 0.0 0.0
0.0 1.0 0.0 0.0
0.0 0.0 1.0 0.0
0.0 0.0 0.0 1.0

end instance

material "mtl"
opaque
"mib_illum_lambert" (

"ambient" 0.0 0.0 0.0,
"diffuse" 0.8 0.8 0.8,
"ambience" 0.0 0.0 0.0,
"mode" 1,
"lights" [ "Lamp_inst" ]

)
end material

object "Plane"
visible trace shadow
tag 1
group

1.0 1.0 0.0
1.0 -1.0 0.0
-1.0 -1.0 0.0
-1.0 1.0 0.0
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v 0
v 1
v 2
v 3
p "mtl" 0 3 2 1

end group
end object

instance "Plane_inst" "Plane"
transform

1.0 0.0 0.0 0.0
0.0 1.0 0.0 0.0
0.0 0.0 1.0 0.0
0.0 0.0 1.0 1.0

end instance

instgroup "rootgrp"
"Camera_inst"
"Lamp_inst"
"Plane_inst"

end instgroup

render "rootgrp" "Camera_inst" "opt"

You shouldcheckthat this MI �le renders�ne with your local mentalray
installationbeforeyou proceed.Hereis a Make�le which canbe usedto
renderthesceneby simply typing make in your Unix shell. Laterwe will
addcommandstocompiletheshadersetc.but for now theMakefile looks
like this:

# Makefile

MENTALRAY = /usr/local/mentalray
RENDER = $(MENTALRAY)/linux-x86/bin/ray
INCLUDE = $(MENTALRAY)/common/include
LDPATH = $(MENTALRAY)/linux-x86/shaders
EXT = so

all: test.rgb

test.rgb: test.mi
$(RENDER) -include_path $(INCLUDE) -ld_path $(LDPATH) test.mi

clean:
-rm -f *˜ *.$(EXT) test.rgb

Let's changethe light shader�rst. This way we aresurethat the material
shaderdoescall thelight shaderandlaterwecanreplacethematerialshader
aswell. We don't needshadowsat themoment.Thelight shaderlookslike
this:

/* myLight.c */

#include <shader.h>

struct myLight
{

miColor color; /* color of the light source */
};
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DLLEXPORTmiBoolean
myLight(

register miColor* result,
register miState* state,
register struct myLight *paras
)

{
*result = *mi_eval_color(&paras->color);
return(miTRUE);

}

To compiletheshaderI changedtheMakefile :

# Makefile

MENTALRAY = /usr/local/mentalray
RENDER = $(MENTALRAY)/linux-x86/bin/ray
INCLUDE = $(MENTALRAY)/common/include
LDPATH = $(MENTALRAY)/linux-x86/shaders
OBJEXT = o
SOEXT = so
CC = gcc
LINK = ld
DEFINES = -DLINUX -DLINUX_X86 -DX86 -DEVIL_ENDIAN -D_GNU_SOURCE\
-D_REENTRANT-DSYSV -DSVR4 -Dinline=__inline__
CFLAGS = -ansi -fPIC -O3 -mpentiumpro -fexpensive-optimizations \
-finline-functions -funroll-loops -fomit-frame-pointer -frerun-cse-after-loop \
-fstrength-reduce -fforce-mem -fforce-addr $(DEFINES)
INCPATH = -I. -I$(INCLUDE)

all: test.rgb

myLight.$(OBJEXT): myLight.mi myLight.c
$(CC) -c $(CFLAGS) $(INCPATH) -o myLight.$(OBJEXT) myLight.c

myLight.$(SOEXT): myLight.$(OBJEXT)
$(LINK) -shared -export-dynamic -o myLight.$(SOEXT) myLight.$(OBJEXT)

test.rgb: test.mi myLight.$(SOEXT)
$(RENDER) -include_path $(INCLUDE) -ld_path $(LDPATH) test.mi

clean:
-rm -f *˜ *.$(SOEXT) *.$(OBJEXT) test.rgb

Onething I forgot to mentionis thatyou needa header�le for your shader
aswell. In thiscaseI namedit myLight.mi andit looks(sofar) like this:

# myLight.mi

declare shader
color "myLight" (color "color")
version 1
apply light

end declare

Wearereadyto usethelight shadernow. Sopleaseedit theoriginalMI �le
andaddrespectively changethefollowing lines:

...
link "myLight.so"
$include <myLight.mi>
...
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light "Lamp"
"myLight" (

"color" 1.0 1.0 1.0
)
origin 0.0 0.0 0.0

end light
...

Compilethe shaderwith make myLight.so andcopy (or softlink) the
�les myLight.so and myLight.mi to a placewherementalray can
�nd it beforeyou render. For my local installationthe compiled�les go
to /usr/local/mentalray/linux-x86 /shad ers andtheheader
�les canbe found in /usr/local/mentalray/common/in clude .
You couldalsospecifythefull pathto your �les in theMI �le.

It' s time to changethe materialshader. We add a few more lines to the
Makefile :

...
mySurface.$(OBJEXT): mySurface.mi mySurface.c

$(CC) -c $(CFLAGS) $(INCPATH) -o mySurface.$(OBJEXT) mySurface.c

mySurface.$(SOEXT): mySurface.$(OBJEXT)
$(LINK) -shared -export-dynamic -o mySurface.$(SOEXT) mySurface.$(OBJEXT)

test.rgb: test.mi myLight.$(SOEXT) mySurface.$(SOEXT)
$(RENDER) -include_path $(INCLUDE) -ld_path $(LDPATH) test.mi

...

Theheader�le for thenew materialshaderlookslike this:

# mySurface.mi

declare shader
color "mySurface" (

color "ambient",
color "diffuse",
color "specular",
scalar "spec_exp",
integer "mode",
array light "lights"

)
version 1
apply material

end declare

The materialshadertakesthreecolorsasparametersfor the ambient,dif-
fuse,andspecularcolor contributions. In theRenderMan shaderI just set
themin the latestversionof theshaderwithout giving the userthe choice
to changethevaluesfrom outside(in theRIB �le). Go backandmake the
modi�cationsneeded,if youwantto. Themental ray materialshaderitself
needsabit of explanation:
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/* mySurface.c */

#include <shader.h>

struct mySurface
{

miColor ambient; /* ambient color */
miColor diffuse; /* diffuse color */
miColor specular; /* specular color */
miScalar spec_exp; /* Phong exponent */
int mode; /* light mode: 0..2 */
int i_light; /* index of first light */
int n_light; /* number of lights */
miTag light[1]; /* list of lights */

};

DLLEXPORTmiBoolean
mySurface(

miColor* result,
miState* state,
struct mySurface* paras
)

{
int i;
int n_light; /* number of light sources */
int i_light; /* offset of light sources */
int samples;
miColor* diffuse;
miColor* specular;
miColor color;
miColor sum;
miScalar spec_exp;
miScalar dot_nl;
miScalar phong_specular;
miTag* light;
miVector dir;

/* ambient */
*result = *mi_eval_color(&paras->ambient);
diffuse = mi_eval_color(&paras->diffuse);
specular = mi_eval_color(&paras->specular);
spec_exp = *mi_eval_scalar(&paras->spec_exp);
n_light = *mi_eval_integer(&paras->n_light);
i_light = *mi_eval_integer(&paras->i_light);
light = mi_eval_tag(paras->light) + i_light;
for (i = 0; i < n_light; i++)

{
sum.r = sum.g = sum.b = 0;
samples = 0;
while (mi_sample_light(&color, &dir, &dot_nl, state, *light, &samples))

{
/* diffuse */
sum.r += dot_nl * diffuse->r * color.r;
sum.g += dot_nl * diffuse->g * color.g;
sum.b += dot_nl * diffuse->b * color.b;
/* specular */
phong_specular = mi_phong_specular(spec_exp, state, &dir);
if (phong_specular > 0.0)

{
sum.r += phong_specular * specular->r * color.r;
sum.g += phong_specular * specular->g * color.g;
sum.b += phong_specular * specular->b * color.b;

}
} /* while (mi_sample_light(...)) */

if (samples)
{

result->r += sum.r / samples;
result->g += sum.g / samples;
result->b += sum.b / samples;

} /* if (samples) */
}

return(miTRUE);
}

Firstof all youwill noticeadifferencebetweentheheader�le andthestruc-
tureusedin theC �le. Every parametertranslateseasilyfrom thedescrip-
tion in the header�le to the C equivalent. Exceptthe light array which
resultsin threevariablesin C.
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Theambientcontributiondoesnotcomefrom acall to evaluateall ambient
light sourceslike in RenderMan but is simply an input parameter. Which
meansthateverymaterialshaderwhichdoestakeambientcontribution into
accountshouldhaveaparameterto let theusersetthecoloretc.

Thematerialshaderloopsover a light list which comesfrom the input pa-
rameterasan arrayof lights. Thereis no suchlooping mechanismasthe
illuminate statementin RenderMan.

Arealights aretakeninto accountby theloop usingmi_sample_light
becausethat function mustbe called in a loop until it returnsmiFALSE.
Every sampleof the light is summingup within the loop. That's why you
haveto divideby thenumberof samples.For lightswhicharenotarealights
thereshouldbeonly onesampletaken.But becarefulnot to divideby zero.

Theresultof thecall mi_sample_light to thelight shaderwill bein the
variablecolor . Therearetwo otherreturnvaluesprovidedif thepointers
arenonzero:dir is thedirectionfrom thecurrentintersectionpoint in the
stateto thelight, dot_nl is thedotproductof thisdirectionandthenormal
in thestate.

For the specularcontribution I took the Phongfactor but thereare other
choices22:

– mi phong specular: Calculatethe Phongfactorbasedon the direc-
tion of illumination dir , thespecularexponentspec_exp , andthe
statevariablesnormal anddir .

– mi fr esnelspecular: Calculatethe specularfactorns basedon the
illuminationdirectiondir , thespecularexponentspec_exp , thein-
sideandoutsideindicesof refractionior_in andior_out , andthe
statevariablesnormal anddir .

– mi cooktorr specular: Calculatethespecularcolor result accord-
ing to the Cook–Torrancere�ection model for the incidentdirection
dir_in andthere�ection directiondir_out at a surfacewith nor-
malnormal . Theroughness is theaverageslopeof surfacemicro–
facets.ior is therelative index of refractionfor threewavelengths.

– mi blinn specular: Like mi_cooktorr_specular , but only for
onewavelength.

– mi blong specular: This is similar to mi_blinn_specular , but
implementsahybridof Blinn andPhongshadinginsteadof trueBlinn

22Seemental ray documentationof this functioncallsfor thetypesof theparametersneeded.
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shading.It is includedseparatelyto supporttheSoftimageBlinn shad-
ing model.

Finally we makesomeadjustmentsto theMI �le to renderasphere:

...
link "myLight.so"
$include <myLight.mi>
link "mySurface.so"
$include <mySurface.mi>
...
light "Lamp"

"myLight" (
"color" 1.0 1.0 1.0

)
origin 0.0 0.0 0.0

end light
...
material "mtl"

opaque
"mySurface" (

"ambient" 1.0 0.0 0.0,
"diffuse" 0.0 1.0 0.0,
"specular" 0.0 0.0 1.0,
"spec_exp" 40,
"mode" 1,
"lights" ["Lamp_inst"]

)
end material
...
$include "sphere.mi"

instance "sphere_inst" "sphere"
transform

0.2 0.0 0.0 0.0
0.0 0.2 0.0 0.0
0.0 0.0 0.2 0.0
0.0 0.0 2.0 0.2

material "mtl"
end instance

instgroup "rootgrp"
"Camera_inst"
"Lamp_inst"
"sphere_inst"

end instgroup

render "rootgrp" "Camera_inst" "opt"

The MI �le sphere.mi comeswith the examplesof the book [4] and
you candownloadtheexamplesandall shadersfrom mentalimages'FTP
site. I madea softlink to this �le at a locationwheremental ray can�nd
it. In contrastto RenderMan and other renderersmental ray doesnot
supportotherprimitivesbesidethe usualpolygons,NURBS surfaces,and
subdivisionsurfaces.Thereis oneexceptionasyou canseein �gure 4.
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Figure4: Thehair primitive

3.2.3 A SimpleSceneWith FiveDifferent Shaders

Let's createa very simple test sceneandwrite all kind of shadersfor it.
In �gure 5 you seea torus in front of the camera. The right half of the
backgroundleavesspacefor our imagershader, the left half is coveredby
a bilinearpatch. We will usethesamescenefor RenderMan andmental
ray.

Let'sstartwith RenderMan. TheRIB �le is sosimplethatI will explain it
a bit andtell you whereto make modi�cations to integratetheshadersstep
by step.TheoriginalRIB �le lookslike this:

# shadertest.rib
Exposure 1.0 2.2
Display "shadertest.tiff" "file" "rgba"
Format 508 380 1.0
Projection "perspective" "fov" [ 90 ]
LightSource "pointlight" 0 "intensity" [ 1 ]
WorldBegin

Surface "plastic"
# Patch

AttributeBegin
Translate -10 0 10
Scale 10 10 10
Patch "bilinear" "P"
[ -1.0 -1.0 0.0 1.0 -1.0 0.0 -1.0 1.0 0.0 1.0 1.0 0.0 ]

AttributeEnd
# Torus

AttributeBegin
Translate 0 1 5
Rotate 45 1 0 0
Torus 3.0 1.0 0.0 360.0 360.0

AttributeEnd
WorldEnd
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Figure5: Simpletestscene

Thescenede�nesa light sourceoutsidetheWorldBegin andWorldEnd
block. At the momentwe useoneof the standardshaderspointlight
for the light sourceshader. Within the WorldBegin and WorldEnd
block we de�ne the bilinear patch for the backgroundand the torus for
the foreground. The geometryis de�ned within an AttributeBegin
andAttributeEnd block. The transformationsarede�ned within this
blocksbecausewedon't wantthemto affect theothergeometry. Theeffect
is limited to this block andrestoredoutside.Thegeometryitself is moreor
lessde�ned in a singleline. The bilinearpatchuses4 pointswith x–, y–,
andz–coordinates.Thetorusis de�ned in a line like this:

Torus rmajor rminor phimin phimax thetamax ...parameterlist...

Themajorradiusrmajor de�nesthedistanceof acirculararcwhichcould
beusedto de�ne thetorusby rotatingthis crosssectionaroundthez–axis.
The minor radiusrminor is the radiusof the circular arc andthe angles
areusedin a way thatwe de�ne a wholetorusinsteadof themoregeneral
de�nition.

If you rendertheRIB �le with a RenderMancompliantrendererthealpha
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Figure6: RenderMan's torusprimitive

channelwill “cut out” thepartof thebackgroundwhich is not coveredby
thebilinearpatch.Now let'saddthefollowing line beforeWorldBegin :

...
Imager "background" "background" [ 1 0 0 ]
...
WorldBegin
...

This will �ll thebackgroundwhich was“cut out” beforewith a red color.
We will write our own imager shader now. So what informationdo we
havewithin aimagershader?Let'stry to visualizesomeof this information.
Table4 onpage74 showsa full list of prede�nedimagershadervariables.

Pleasemodify theRIB �le to useourown shader. Youshouldknow by now
how to do this. Theshaderlooksat themomentlike this:

/* myImager */

imager
myImager()
{

Ci = color(0.0, 1.0, 0.0);
Oi = 1;
alpha = 1;

}

Add theproperlinesto yourMake�le andrenderthescene.Well, theresult
is not what we want — the whole picture is greennow. If we take the
alpha valueinto accountwecouldcreateasimple“contourshader”:

/* myImager */
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imager
myImager()
{

if (alpha == 0.0) Ci = color(0.0, 1.0, 0.0);
else if (alpha != 1.0) Ci = color(1.0, 0.0, 0.0);
Oi = 1;
alpha = 1;

}

Let's not talk aboutif a shaderlike this would be useful or not. What I
wantedto show is thatshadersarekind of hardto debug. In theoryyoucan
createoutputlineswithin ashader, analyzethis lineswith anotherprogram,
visualizethemetc. but the simplestway is to createa testscenewherea
certaincolor like reddoesno occurandusethatcolor to indicateproblem
areas.

Thenext versionof theimagershaderwill show how to accesssomeinfor-
mationwhichdoesnot comefrom prede�nedsurfaceshadervariables23:

/* myImager */

imager
myImager()
{

float xyp[3] = { 1.0, 1.0, 1.0 };
option("Format", xyp);
Ci = color(xcomp(P) / xyp[0], ycomp(P) / xyp[1], 0);
Oi = 1;
alpha = 1;

}

We get accessto the Format line in the RIB �le andextract the x– and
y–resolutionof therenderedpicturefrom there.We usethatinformationto
scalethepixel coordinatesstoredin P sothattheresultis betweenzeroand
one.Weusethatto colorencodethecoordinatesin thebackgroundimage.

It' s hardto �nd a real applicationfor an imagershader. I leave it for you
asan exerciseto �nd one. In Pixar's documentyou will �nd the standard
background shaderand an examplehow to write an imagershaderto
implementtheexposureandquantizationprocess:

imager
exposure(float gain=1.0, gamma=1.0, one = 255, min = 0, max = 255)
{

Ci = pow(gain * Ci, 1/gamma);
Ci = clamp(round(one * Ci), min, max);
Oi = clamp(round(one * Oi), min, max);

}

23Seechapter15.8“MessagePassingandInformationFunctions”of thePixar's documentThe
RenderManInterface.
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Figure7: A canvasimagershaderfor BMRT

Besidethefactthatthis shaderwill not compileit' s still anexamplethatan
imagershadercouldbeusedto docolorcorrection.I think therearenot too
many applicationsfor animagershaderbut oneinterestingexperimentcan
befoundon thefollowing webpagefrom KatsuakiHiramitsu:

http://www.edit.ne.jp/˜katsu/im g_in dex. htm

Unfortunatelytheshaderdoesnotcompilefor otherrenderersbesideBMRT
andit hasthe“knowledge”aboutthescenewithin theimagershader. Any-
way, maybeworth to look at it in �gure 7.

At leastan imagershadercanbe usedto develop patternsor to visualize
proceduraltextureswithout having any geometryor lights in the RIB �le.
Onceyou are happy with your patternyou can apply a similar line in a
surfaceshaderandgetrid of theimagershader.

Let's just createa simplepattern— a disk — asdescribedin thebook[3].
In chapters20 to 22 you �nd moreinformationaboutpatternsbut let's just
develop one patternin the imagershaderand apply it later for a surface
shader. Hereis thesourcecodeof theimagershader:
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/* myImager */

imager
myImager()
{

/* some of this variables should be shader parameters */
float xyp[3];
float xcoord, ycoord;
float dist;
float inDisk;
float radius = 0.4;
point centre = point(0.5, 0.5, 0.0);
point here;
color inside = color(0, 0, 1);
color outside = color(1, 0, 0);
/* get x- and y-resolution from global options */
option("Format", xyp);
/* make sure the coordinates are between 0 and 1 */
xcoord = xcomp(P) / xyp[0];
ycoord = ycomp(P) / xyp[1];
here = point(xcoord, ycoord, 0.0);
/* how far are we away from the centre? */
dist = distance(centre, here);
/* are we inside the disk? */
if (dist <= radius) inDisk = 1.0;
else inDisk = 0.0;
/* use inside or outside color */
Ci = mix(outside, inside, inDisk);
/* we don't need the alpha channel for this test */
Oi = 1;
alpha = 1;

}

Most of theshaderis straightforwardandI put somecommentsinsidethe
shader. Therearetwo functionswe haven't talkedaboutyet. Thefunction
distance returnsthe Euclideandistancebetweentwo point. You could
havede�nedavectorfrom centre to here andcall thefunctionlength
for this vectoror youcouldhavecalculatedtheEuclideandistanceyourself
with help of the function sqrt 24. The other function is calledmix and
takes two colors and a �oat value to mix both colors with the following
formula:���

���	��

����������������

�����������

Beforeweapplythistoasurfaceshaderwemakesomemodi�cationstomix
the two colorsslowly. The following outputcomesfrom a Unix program
calleddiff whichshowsonly thedifferencebetweentwo �le versions:

11a12
> float fuzz = 0.1;
14c15
< color inside = color(0, 0, 1);
---

24This is thesquareroot.
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> color inside = color(1, 1, 0);
25,26c26
< if (dist <= radius) inDisk = 1.0;
< else inDisk = 0.0;
---
> inDisk = 1 - smoothstep(radius - fuzz, radius + fuzz, dist);

I de�nedanew variablecalledfuzz andchangedtheoutside colorfrom
bluetoyellow. It looksnicertomix thecolorsyellow andredinsteadof blue
andred. Normally you would usethecolor setby theuserin theRIB �le
asoutsidecolor andthe insidecolor would be a shaderparameterbut we
will do that in a minute. The last changeI madeis that I usea function
calledsmoothstep which de�nes a rangewith its �rst two parameters
andrampssmoothlyin between.So if our currentpositionhere is less
thantheradius minusour fuzz distancethenwe arecompletelyinside
the disk andusethe inside color only. If thecurrentpositionis greater
thanour radius plus the fuzz distancewe usethe outsidecolor only.
Every positionin betweenmixesboth colorsin a way that it slowly fades
from onecolor two theother.

Now let's apply this techniqueto a surface shader. We have to changea
few thingsto createasurfaceshaderfrom theimagershaderwegotsofar:

1c1
< /* myImager */
---
> /* mySurface */
3,4c3,4
< imager
< myImager()
---
> surface
> mySurface()
7,8d6
< float xyp[3];
< float xcoord, ycoord;
17,18d14
< /* get x- and y-resolution from global options */
< option("Format", xyp);
20,22c16
< xcoord = xcomp(P) / xyp[0];
< ycoord = ycomp(P) / xyp[1];
< here = point(xcoord, ycoord, 0.0);
---
> here = point(s, t, 0.0);
28,31c22,23
< Ci = mix(outside, inside, inDisk);
< /* we don't need the alpha channel for this test */
< Oi = 1;
< alpha = 1;
---
> Oi = Os;
> Ci = Os * mix(outside, inside, inDisk);
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First of all we renamethe shaderto mySurface , we changethe type of
the shaderto surface , andwe get rid of a few variableswe don't need
anymorebecausewe replacethex– andy–coordinatesof theimageshader
by thetexturecoordinatess andt . We leave theopacityasit is andapply
thecolorwithout takingany lighting into account25.

Figure8: Testscenewith imagershaderandsurfaceshader

Beforewe canrenderthenew scenewe changetheRIB �le to usethenew
surfaceshader:

9c9
< Surface "plastic"
---
> Surface "mySurface"

See�gure 8 for the resultingimage. I want to changea few thingsbefore
I continuewith other shadertypes. Readchapter22 of the book [3] to
understandtheconceptof Tiling and RepeatingPatterns. I wantthedisk
patternto berepeatedseveraltimesover thesurfacesandI wantto take the
lighting into account:

4c4,5
< mySurface()
---
> mySurface(float Ka = 1, Kd = 0.5, Ks = 0.5, roughness = 0.1;
> color specularcolor = 1)
10a12

25Youcantestthis by removing thelight sourceshaderfrom theRIB �le.
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> float ss, tt;
15,16c17,23
< /* make sure the coordinates are between 0 and 1 */
< here = point(s, t, 0.0);
---
> color myCs;
> normal Nf = faceforward(normalize(N), I);
> /* repeat the pattern */
> ss = mod(s*10, 1);
> tt = mod(t*10, 1);
> /* use ss and tt instead of s and t */
> here = point(ss, tt, 0.0);
23c30,32
< Ci = Os * mix(outside, inside, inDisk);
---
> myCs = Os * mix(outside, inside, inDisk);
> Ci = Os * (myCs * (Ka * ambient() + Kd * diffuse(Nf)) +
> specularcolor * Ks * specular(Nf, normalize(-I), roughness));

Theeasiestthing to do for thelighting is to takepartsfrom thesourcecode
of an alreadyexisting shaderlike the plastic shaderandchangea few
lines in theold version.Theshadertakesnow parameterswhich areiden-
tical to theplastic shader. Insteadof assigningthecolor directly to the
Ci outputvariableI useanew variablenamedmyCsfor my surfacecolor.

For the repeatingdisk patternI introducethe variablesss and tt . The
most importantlines for the repeatingpatternare the two lines using the
modfunction.Thisso–calledmodulo functiontakesthe�rst argumentand
divides it by the secondone. The remainderof the division is returned.
In this casethe remainderis the part behindthe dot. The returnvalueof
mod(3.7,1) is � �"! . By scalings and t by

�

� beforewe usethe mod
functionwe make surethat thedisk is repeatedtentimesin eachdirection
but ss andtt still varybetweenzeroandone.

The resultingimagelooks far too dark. Insteadof changingthe surface
shaderwe are writing our own light shader. First we will not take any
attenuationoverdistanceinto account:

/* myLight */

light
myLight()
{

Cl = color 1;
}

Let's rendera picturewith this threeshaders.You have to changetheRIB
�le beforeyourstartrendering:

7c7
< LightSource "pointlight" 0 "intensity" [ 1 ]
---
> LightSource "myLight" 0
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Do you remembersection3.2? This is an ambientlight and the surface
shadercalls it becauseof theambient() functionwhich is multiplied by
onebecauseof thedefaultvalueof theshaderparameterKa = 1. Let's try
anotherlight sourceshaderwhichfadesfromnear to far linearlybetween
full intensityto black:

/* myLight */

light
myLight(float intensity = 1, near = 1, far = 10;

color lightcolor = 1;
point from = point "shader" (0,0,0))

{
float len, brightness;

illuminate (from)
{

len = length(L);
if (len < near) brightness = 1;
else if (len > far) brightness = 0;
else brightness = 1 - (len - near) / (far - near);
Cl = intensity * lightcolor * brightness;

}
}

If werenderagainthetoruswill belit but thelinearpatchis in thedark.You
haveto modify theRIB �le againto changethedefaultparametervaluesfor
thelight sourceshader:

7c7,9
< LightSource "myLight" 0
---
> Declare "near" "float"
> Declare "far" "float"
> LightSource "myLight" 0 "near" [ 3 ] "far" [ 15 ]

Now a bit of the linear patchis lit but not all asyou canseein �gure 9.
We didn't implementa spotlightshadereventhoughit looksa bit like one.
Changefor amomentthelight shader:

13c13
< if (len < near) brightness = 1;
---
> if (len < near) brightness = 0;

Thereasonfor this is that it' s hardto �nd theborderto thenearvalue,but
simplefor the far border. If we make everythingoutsidethe nearandfar
rangeunlit it' s easierto �nd goodparametersettings.This leadsme to a
new exercisefor you. Think aboutaway to �nd theclosestandfurthermost
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Figure9: Testscenewith imager, surface,andlight shaders

point to/from thecameraon any surfaceduringrendering.Usethis values
for thepreviouslight sourceshaderandvarythenear andfar valuesfrom
there.

We will write a displacementshadernow. A very simpleonewhich just
usesthe sin function along the s and t texture coordinatesto vary the
positionandthenormalbeforethesurfaceshadergetscalled:

/* myDisplacement */

displacement
myDisplacement()
{

float amp = 0.1 * sin(t*20*PI);
amp += 0.1 * sin(s*20*PI);
P += amp * normalize(N);
N = calculatenormal(P);

}

Look at �gure 10 for the result if you simply changethe RIB �le to in-
cludethe displacementshaderwithout specifyingadditionalattributesfor
therenderer.

22a23
> Displacement "myDisplacement"

Actually it' sdependentonwhichrendereryouareusing.BMRT andAIR do
usebump mapping if you don't tell therendererto usetruedisplacement.
Pixie andAngelusealwaystrue displacement.
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Figure10: Testscenewith bumpmapping

Let's comparethis to �gure 11 which wasrenderedwith the sameshader
but with thefollowing additionalattributes:

10a11,12
> Attribute "render" "truedisplacement" [1]
> Attribute "displacementbound" "sphere" [1]

Forbumpmappingyougetastrangeartefact.Somepointsonthesurfaceare
renderedblackbecausethebumpmappingbendsthenormalsomuchthat
it' s facingawayfrom thelight andthecamera.Thesilhouetteof thetorusis
still theoriginal onebecausethepositionson thesurfacearenot modi�ed
by bump mapping. But for someareaswherethe surfaceis far enough
away from the camerathe bump mappingworks quite well. Especiallyif
the displacementis very subtly which is true for a lot of imagesyou will
render. For exampleif you renderskin it' s niceto have little dentsto make
thesurfacelook not too perfectbut thedentsaresmall in sizeandthey do
notperturbtheoriginal surfacetoomuch.

Exercises:

1. Finda “good” applicationfor animagershader.

2. Changethe last surfaceshaderexampleso that all parameterswhich
mightbeimportantto changefrom outsideareshaderparameterswith
default values.

3. Usethenew surfaceshaderparametersto createvariationsof thesame
sceneby manipulatingtheRIB �le.
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Figure11: Testscenewith truedisplacement

4. Think aboutwriting a shaderto �nd the closestpoint to the camera
on any surfaceand the furthermostpoint from the camera. This is
not only usefulfor thelight shaderwe talkedaboutabovebut alsofor
�nding goodnearandfar clipping planesor to have bettervaluesfor
renderingshadow maps.

4 Get Your HandsDirty

4.1 Default SurfaceShader

In section3 I mentioneda RenderMan shadercalleddefaultsurface
whichallowsto renderanimagewithoutany light andsurfaceshadersused
in theRIB �le. Wewantto write asimilarshaderfor mental ray now. Let's
havea look how AIR 26 implementsthedefaultsurface shader:

surface defaultsurface (float Ka=.2, Kd=.8)
{

Oi=Os;
Ci=Os*Cs*(Ka+Kd*abs(normalize(I).normalize( N)));

}

Theimplementationof thementalray shaderis straightforward. Theonly
differenceis thatmentalrayhasnoglobalstatefor thecurrentsurfacecolor

26Beawarethateachimplementationmightuseadifferentshader.
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andopacity. The RenderManshadertakes the valuesof Os andCs into
account.This color valuescanbesetin theRIB �le by usingOpacity or
Color . If you wanta similar behaviour within thementalray shaderyou
shoulduseadditionalshaderparametersfor the color andopacityvalues.
Hereis theheader�le for thementalrayshader:

# myDefaultSurface.mi

declare shader
color "myDefaultSurface" (

scalar "Ka",
scalar "Kd"

)
version 1
apply material

end declare

To usethisshaderin aMI �le I changedtheexamplefrom section3.1abit:

...
link "myDefaultSurface.so"
$include <myDefaultSurface.mi>
...
material "mtl"

opaque
"myDefaultSurface" (

"Ka" 0.2,
"Kd" 0.8

)
end material
...
object "Monkey"

visible trace shadow
tag 1
group

0.4375 0.1640625 0.765625
...

p "mtl" 504 322 320 390
end group

end object

instance "Monkey_inst" "Monkey"
transform

1.0 0.0 0.0 0.0
0.0 1.0 0.0 0.0
0.0 0.0 1.0 0.0
0.0 0.0 5.0 1.0

end instance

instgroup "rootgrp"
"Camera_inst"
"Monkey_inst"

end instgroup

render "rootgrp" "Camera_inst" "opt"
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First of all you have to link your sharedlibrary andincludetheappropriate
header�le. If you can't copy the compiledshaderand the header�le to
a placewherementalray can�nd it — e.g. becauseyou don't have root
permissionson anUnix system— you canspecifythe full pathin theMI
�le.

After having de�ned theshaderandits parametersasa materialwithin the
MI �le you canusethe materialin the de�nition of the Monkey object.
Notice that thereis only a cameraandonegeometryobjectde�ned — no
lights. Theshaderitself lookslike this:

/* myDefaultSurface.c */

#include <shader.h>

struct myDefaultSurface
{

miScalar Ka;
miScalar Kd;

};

DLLEXPORTmiBoolean
myDefaultSurface(

miColor* result,
miState* state,
struct myDefaultSurface* paras
)

{
miScalar Ka, Kd;
miScalar abs_dot_nd;

/* get parameters */
Ka = *mi_eval_scalar(&paras->Ka);
Kd = *mi_eval_scalar(&paras->Kd);
/* dot product of the normal and the direction vector */
abs_dot_nd = fabs(state->dot_nd);
/* result */
result->r = Ka + Kd * abs_dot_nd;
result->g = Ka + Kd * abs_dot_nd;
result->b = Ka + Kd * abs_dot_nd;
result->a = 1.0;

return(miTRUE);
}

Notice that you don't have to calculatethe dot productof the normaland
thedirectionvectoryourselfbecauseit' salreadystoredin thestate.

4.2 Stairs

Considerthe following problem:You have a scenewith a lot of staircases
or for examplea hugepyramid. Most of the time the camerashows the
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whole scenefrom distancewhich meansthat you can't seethe individual
stepsvery well. Insteadof modellingeachindividual stepyou considerto
createasimpli�ed modelwithoutstepsandfakingtheeffectof having stairs
within theshader:

Figure12: Renderingthestairswith realgeometry

Figure13: Fakingthestairswithin theshader

/* stairs */

surface
stairs(float Ka = 1, Kd = 0.5, Ks = 0.5, roughness = 0.1;

color specularcolor = 1;
float steps = 5;)

{
normal Nf;
float sv = mod(v * steps, 1);

if (sv < 0.5)
Nf = ntransform("object", "current", normal(0, -1, 0)); /* front */

else
Nf = ntransform("object", "current", normal(0, 0, 1)); /* up */

Oi = Os;
Ci = Os * (Cs * (Ka * ambient() + Kd * diffuse(Nf)) +

specularcolor * Ks * specular(Nf, normalize(-I), roughness));
}
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As you canseein �gure 12 I rendereda simplestaircasewith 10, 50, and
100steps.I useda Pythonprogramto generatetheRIB �le automatically
basedon a parameterfor thenumberof steps.On thewebpagewhereyou
downloadedthis documentor whereyou readit right now you will �nd
a copy of the Pythonscript I usedto generatethe staircases.It' s called
stairs.py . You shouldgeneratethe real geometryand renderit with
your favouriteRenderMancompatiblerendererto comparetheresultswith
theshaderbasedversionusingthefollowingRIB �le. Changetheparameter
steps for theshaderbeforeyou rendertheRIB �le again:

Figure14: Realgeometryfrom differentperspectives

Figure15: Fakedstairsfrom differentperspectives

# stairs.shader.rib
Exposure 1.0 2.2
Display "stairs.shader.tiff" "file" "rgba"
Format 640 480 1.0
Projection "perspective" "fov" [ 30 ]
Translate 0 0.25 7
Rotate -30 1 0 0
Rotate 30 0 1 0
Rotate 90 1 0 0
Rotate 180 0 1 0
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WorldBegin
Surface "plastic"
LightSource "spotlight" 1
"color lightcolor" [ 1.0 1.0 1.0 ]
"point from" [ 0.0 -1.5 5.0 ]
"point to" [ 0.0 0.0 0.0 ]
"float intensity" [ 10 ]
"float coneangle" [ 0.35 ]

# ribPatchMesh
AttributeBegin

Surface "stairs" "float steps" [ 100 ]
PatchMesh "bilinear" 2 "nonperiodic" 2 "nonperiodic"
"P" [ -1.0 -1.0 -1.0

1.0 -1.0 -1.0
-1.0 1.0 1.0

1.0 1.0 1.0 ]
AttributeEnd

WorldEnd

You canimprovethequalityby introducinga fuzz areato getbetteranti–
aliasing:

/* stairs */

surface
stairs(float Ka = 1, Kd = 0.5, Ks = 0.5, roughness = 0.1;

color specularcolor = 1;
float steps = 4, fuzz = 0.05;)

{
float p;
normal Nf;
normal front = ntransform("object", "current", normal(0, -1, 0));
normal up = ntransform("object", "current", normal(0, 0, 1));
float sv = mod(v * steps, 1);

if (sv < 0.5 - fuzz)
{

if (sv > fuzz || (v * steps) <= fuzz)
{

Nf = front;
}

else
{

p = 0.5 + sv / (2 * fuzz);
Nf = ((1.0 - p) * up + p * front);

}
}

else if (sv > 0.5 + fuzz)
{

if (sv < (1.0 - fuzz) || v >= (1.0 - fuzz / steps))
{

Nf = up;
}

else
{

p = (sv - 1.0 + fuzz) / (2 * fuzz);
Nf = ((1.0 - p) * up + p * front);

}
}
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else
{

p = (sv - 0.5 + fuzz) / (2 * fuzz);
Nf = ((1.0 - p) * front + p * up);

}

Oi = Os;
Ci = Os * (Cs * (Ka * ambient() + Kd * diffuse(Nf)) +

specularcolor * Ks * specular(Nf, normalize(-I), roughness));
}

Exercise:

Try to think aboutother improvementsyou could introduceto make this
solutionavailableto a wider rangeof staircases.At themomentI assume
that thestaircasewasmodelleda certainway. How canyou generaliseit?
For the casewith 100 stepsthe differencebetweenthe real geometryand
the shaderversionis hard to seebut this is only true for this perspective
from the camera. If you would look moreor lessstraightfrom the front
youshouldbasicallyseeonly thefront of thestepsandnearlynothingfrom
the top. This effect canbe seenaswell if you look at the top stepof the
staircasewith only 10 stepsin �gure 12. How canyou compensatefor that
in theshader?

4.3 SimpleRoom

Figure16: A simplescenein a roomwith awindow
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To understandhow renderingworks it' s alwaysa goodideato take anex-
amplefrom one rendererand try to createa similar picturewith another
renderer. If youcan't getawayby usingstandardshadersit mightbeagood
startingpoint for writing a few shaders.

I startedafew yearsagoacomparisonbetweendifferentrenderersandcame
acrossa renderercalledRadiance27. This simpleexampleis basedon a
tutorial28 for this renderer.

Havea look at �gure 16. You will seeasimpleroomwith a �oor , aceiling,
andfour walls. Oneof thewalls hasa holewherea window canbeplaced.
The cameralooks at two simpleobjectsin the room: A glasssphereand
a blue box. The light is comingfrom two light sources:Thereis another
spherein the room which actsasa light sourceandwe canthink of day-
light comingfrom outsidethroughthewindow. Althoughthesceneis quite
simpleit cangiveyousomeheadachehow to producecertaineffects29 with
your favouriterenderer:

1. Firstof all aglassspherere�ects andrefractslight rays.Whichmakes
it hardto fake it with asimplescanlinerenderer.

2. Noneof the light sourcesis directly visible but thesphericallight in-
sidetheroomis shown several timesin theglasssphere.Most of the
renderersdon't show a light sourceeven if you would look directly
into the directionwherethe light is located. You have to take care
yourselfthatthereis a geometrywhich lookslike a light bulb or any-
thingwhichmotivateswherethelight comesfrom.

3. Thelight which comesfrom outsidethroughthewindow is seenasa
directre�ection of thewindow itself from thefront of thesphere,asa
refractedandthereforedistortedcopy on thebacksideof thesphere,
andasadirectre�ection of thelight which is caston the�oor andone
of thewalls30.

4. In theory you could have causticsin the scenecreatedby focusing
anddispersionof light by specularre�ection or refractionbut let's talk
aboutthatlater31.

Let's �rst try to make life easierby usinga rendererwith ray tracinganda
lot of standardshaderscomingwith it. I reproducedthescenewith mental

27http://radsite.lbl.gov/radiance/HOME.html
28http://radsite.lbl.gov/radiance/refer/tutorial.html
29Look at �gure 17.
30Thismight bevisibleasa refractedcopy somewhereaswell.
31Seesection4.4.
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Figure17: Re�ectionsin aglasssphere(Radiance)

Figure18: Re�ectionsin aglasssphere(mentalray)
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rayandherearesomecommentsabouttheeffectsI wastalkingaboutbefore
andhow they wereachieved:

1. Thematerialusedin theoriginalRadiance�le is calleddielectric
anddescribedin the RadianceReferenceManual as: “A dielectric
materialis transparent,andit refractslight aswell asre�ecting it. Its
behaviouris determinedby the index of refraction and transmission
coef�cient in each wavelengthbandper unit length. Commonglass
hasa index of refractionaround1.5,anda transmissioncoef�cient of
roughly0.92over an inch. An additionalnumber, theHartmanncon-
stant,describeshow the index of refraction changesas a functionof
wavelength.It is usuallyzero.” Mental Ray comeswith a physics
library andyou shouldbeableto get thesourcecodefor theshaders
from mentalimages'FTPsite. If you look into theheader�le 32 of the
shadercalleddielectric_material youwill �nd all parameters
for this materialshader. In this caseI usedthecol parameterfor the
light absorptionperunit–lengthandthe ior parameterfor the index
of refraction:

material "crystal"
opaque
"dielectric_material" (

"ior" 1.5,
"col" 0.5 0.5 0.5,
"lights" [ "Lamp_inst", "Sun_inst" ]

)
end material

Raytracingcanbeeitherturnedon in theglobaloptions statement
or ashader33 speci�esthatit canoperateonly if ray tracingis enabled.
In thelatercasementalraywill enableray tracingevenif no ray trac-
ing wasspeci�edin theglobaloptions statement.

2. I decidedto make thelight sourceinsidetheroomvisible by usingan
arealight source:

light "Lamp"
"physical_light" (

"color" 60 60 60
)
visible
origin 0.0 0.0 0.0
sphere .125 15 15

end light

32Look eitherinto theMI �le calledphysics.miwhich shouldcomewith mentalray anywayor
getthesourcecodeandlook into the�le calleddielecshade.h.

33Seefor examplethephysicallensdof lensshaderin thephysicslibrary.
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For mentalray thetypeof a light sourceis determinedby theabsence
or presenceof someparameters.If you de�ne only an origin you
will haveapoint light . An in�nite light requiresonly adirection
whereasa spot light mustbegivenanorigin , a direction , and
a spread value. Pleasebe awarethat thespread valueis already
the cosinevalueof a given angle. Most of the standardshadersfor
spotlightswill haveacone parameterwhich is alsogivenasacosine
valueinsteadof specifyingtheanglein degreesor radians.For Ren-
derMancompatiblerenderersthespotlight shaderrequiresangles
in radiansandcalculatesthecosinevalueinsidetheshader.
Therearefour differentshapesof arealight sources:rectangles,�at
discs, spheres,and cylinders. Although mental ray 3.1 addsarbi-
trarygeometricobjects,andauser–de�nedshapewecansimplyusea
sphere with anradiusof � �

�$#&%

and

��%

samplesin u–andv–direction.
To make thelight sourcespherevisible in there�ection andrefraction
of the glasssphereon the blue box we usethe keyword visible .
Have a look in thesourcecodeof light sourceshadersto seehow to
dealwith rayswhichhit thegeometryof thelight sourcedirectly. An-
otheraspectof arealight sourcesaresoft shadows. Youdon't getsoft
shadows for the light sourceinsidethe room by usingRadiancebut
you do get soft shadows for mentalray. The differenceis that Ra-
dianceusesalwaysvisible light sourcesbut this doesnot necessarily
meanthatRadianceusesarealights.

3. Onethingwecan't easilytranslateinto otherrenderersis theusageof
the illum materialusedby Radiancefor the window. Have a look
againat �gure 17 or 18. Thereare two aspectsof the light coming
throughthe window. Thereis a very bright spotof light caston the
groundandoneof thewalls, andthereis thevisibility of thewindow
itself. If you compare�gure 17 and18 morecarefullyyou might no-
ticethatyougetare�ection of thelight sourceinsidetheroomevenin
there�ectionsof thewindow itself in theimagecreatedby Radiance.
Thisadditionalre�ection is missingin theimageI createdwith mental
ray.
Let's �rst readwhat the illum materialin Radiancedoes:“Illum is
usedfor secondarylight sourceswithbroaddistributions.A secondary
light sourceis treatedlike anyotherlight source, exceptwhenviewed
directly. It thenactslike it is madeof a differentmaterial (indicated
by thestringargument),or becomesinvisible(if nostringargumentis
given,or theargumentis ”void”). Secondarysourcesareusefulwhen
modellingwindowsor brightly illuminatedsurfaces.”
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I decidedto split thetwo aspectsinto two differentsolutionsfor men-
tal ray. The very bright spotof light caston the groundandoneof
the walls is simulatedby addinganotherlight sourceto the scene
which actslike the sunshiningfrom outsidethroughthe window on
the �oor . The sky simulationin Radiancecreatesthe following �le
calledsky.rad :

# gensky 3 20 10 -a 40 -o 98 -m 105
# Local solar time: 10.34
# Solar altitude and azimuth: 43.3 -35.4
# Ground ambient level: 17.7

void light solar
0
0
3 6.73e+06 6.73e+06 6.73e+06

solar source sun
0
0
4 0.421409 -0.593560 0.685639 0.5

void brightfunc skyfunc
2 skybr skybright.cal
0
7 1 1.10e+01 2.12e+01 5.45e-01 0.421409 -0.593560 0.685639

I don't want to explain exactly how this works but the importantin-
formationfrom this �le is the directionwherethe sunis. Thereis a
vector ')(
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�65 usedtwice in this �le.
This is thedirectionvectorto thesun. Insteadof usinga very distant
light with averyhighcolor valuerepresentingtheenergy I decidedto
calculatea matrix which will positionthelight sourcefor thesun100
units away from the middle of the window34 along the vectormen-
tionedabove and�nd somevaluesfor thelight energy which do look
good:

light "Sun"
"physical_light" (

"color" 1e7 1e7 1e7
)
origin 0 0 0

end light

instance "Sun_inst" "Sun"
transform

1.0 0.0 0.0 0.0
0.0 1.0 0.0 0.0
0.0 0.0 1.0 0.0
-45.1409 58.356 -69.5639 1.0

end instance

34Thepositionis 798�:6;�:6;=<?> .
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Thereasonwhy I didn't useadistantlight sourceis thatin mentalray
adistantlight sourcehasnoorigin. But how canI specifythatthelight
sourcerepresentingthesunis outsidetheroomanddoesnotilluminate
otherobjectsdirectly besidethat little portionof the groundandone
of the walls? I think 100 units is far away enoughto make the light
rayswhich areemittedfrom a point light andgo throughthewindow
nearlyparallelandthevaluesfor thelight colorapurelyfoundby “try
anderror”.
Thesecondaspectis thevisibility of thewindow itself. Becausethe
window is neverseendirectly in the�nal imageI decidedto represent
the“window” just by theabsenceof geometryat thehole in theback
wall. Thisholemeansthatthere�ectedrayswill leavethescenewith-
out hitting any geometry. In this caseanenvironmentshaderis called
by mentalray if theMI �le representingthescenede�nesone. I �rst
tried to usea simplephenomenon:

declare phenomenon
color "env_sh" (
)
shader "tex" "mib_opacity" (

"input" 9.0 9.0 10.0,
"opacity" 1.0 1.0 1.0

)
root = "tex"

end declare

camera "Camera"
frame 1
output "rgb" "room.rgb"
focal 35.0
aperture 32.0
aspect 1.0
resolution 510 510
environment "env_sh" ()

end camera

Thisphenomenoncreatesanunwantedartefact.Therim of thesphere
getsthesameslightly bluecolorasthere�ectionsof thewindow. Why
is that?Well, at therim of thespheretherefractedandre�ected rays
hitting thefront andbackof thespheremight bouncebackandforth.
Thiseffectcanhappena lot with materialsimilar to glassespeciallyif
it' sattachedto geometrywith alot of curvatureor localdisplacements.
The solution to this problemis to write a very simple environment
shader:
/* myEnvironment.c */

#include <shader.h>

struct myEnvironment
{

miColor color;
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};

DLLEXPORTmiBoolean
myEnvironment(

miColor* result,
miState* state,
struct myEnvironment* paras
)

{
miColor* color;

/* get parameters */
color = mi_eval_color(&paras->color);
/* result */
if (state->reflection_level >= (state->options->reflection_depth - 1) ||

state->refraction_level >= (state->options->refraction_depth - 1) ||
(state->reflection_level + state->refraction_level) >=
(state->options->trace_depth - 1))

{
result->r = 0.0;
result->g = 0.0;
result->b = 0.0;

}
else

{
*result = *color;

}

return(miTRUE);
}

Basicallyenvironmentshadersgetcalledfor raysthat leave thescene
entirely, andfor raysthatwould exceedthetracedepthlimit. If men-
tal ray reachesthe maximumnumberof re�ection or refractionrays
or a combinationof themmy simpleenvironmentshaderwill return
“black” insteadof thecolorwhichwasgivento theshaderasaparam-
eter.
Now you canchangethe environmentshaderattachedto the camera
to renderthesameimageasshown in �gure 18:

...
link "myEnvironment.so"
$include <myEnvironment.mi>
...
camera "Camera"
...

environment "myEnvironment" ("color" 9.0 9.0 10.0)
end camera
...

The high valuesfor the color are not motivatedby properphysics.
I used“try and error” againto �nd valueswhich do look good but
beawarethat if you would rotatethecameraandlook straightat the
“window” theresultwould bevery bright. In Radiancehowever you
coulddo thatbecausetheillum materialtakescareof that.
Anotherthingwhichis missingin the�nal imagerenderedwith mental
ray are the shadows castby light which was emittedfrom the sun,
scatteredaroundby hitting theground,buildingsor plants,and�nally
contributedto the illumination of the room. I thoughtaboutadding
anotherarealight at thewindow positionwhich is notvisiblebut does
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emit a few raysto createa soft shadow on the wall behindthe glass
sphere.But I leave thatasanexercise.

4. Finally, I didn't addcausticsto the scene.I madesomeexperiments
with that but the effect didn't contribute that muchto the quality of
thepicture.SoI droppedit. Radiancedidn't calculatecausticseither.
Besidethat the renderingtime canbe quitehigh for causticsandthe
color valuesfor thephysical_light shadershouldmatchtheen-
ergy usedto emit photons.Seesection4.4 for a betterexamplewith
caustics.

4.4 Caustics

Causticsare light patternsthat arecreatedwhenlight from a light source
illuminatesa diffusesurfacevia oneor morespecularre�ections or trans-
missions.

Figure19: Causticsrenderedwith mentalray

In �gure 19youseeaverysimplegeometry, acylinder, beingmodi�ed by a
displacementshaderto createaninterestingpatternof causticson the�oor .
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Thedisplacementshaderfor RenderManis quitesimple:

/* myDisplacement */

displacement
myDisplacement(float factor = 50)
{

float amp = 0.01 * sin(s*factor*PI);
P += amp * normalize(N);
N = calculatenormal(P);

}

Becauseray tracing,global illumination, andphotonmappingarerelative
new featuresof Pixar'sRenderManimplementationPRManthereis nogen-
eraldocumentationhow to addthenew featuresinto thethestandardinter-
facespeci�edby theTheRenderManInterface. OtherrendererslikeBMRT
hadGI implementedfor a long timeandthey addedtheirown extensionsto
thestandardinterfaceto dealwith thenew features.ThereforeI can't show
how to createcausticswith all theRenderMancompatiblerendererswhich
do implementtheirown method.I madea testwith PRMan11.0whichcan
befoundin thedocumentationof theRenderMan Artist Tools(RAT) but
thiswasaverybasictestthatcausticscanberenderedwith PRManandfor
themoreadvancedtestI usedAIR. However PRMan hasa very nicepro-
gramcalledptviewer whichcanbeusedto interactively look ataphoton
mapto rotateit andzoomin andout. Thebasicapproachis to render�rst
a passto createaphotonmapandstoreit beforeyou renderthe�nal image
in thesecondpass.

So themaindifferencebetweentheRIB �le for the �rst passandtheRIB
�le usedfor thesecondpassis:

1. The�rst passcreatesaphotonmap�le by usingaspecialHider :

Hider "photon" "emit" 1000000

This line de�nes how many photonsareemittedinto the scene.The
following line de�nes that the photonsareusedfor causticsandthe
�lename whereto storeit:

Attribute "photon" "causticmap" "prman11caustics.cpm"

Thesameline is usedin thesecondpassto readthephotonmap.
Insteadof usingasurfaceshaderin the�rst passanattributeis de�ned
for thegroundplanewhich receivesthephotons:

Attribute "photon" "shadingmodel" "matte"
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For thegeometryrefractingor in this casere�ecting thephotonsyou
de�ne asimilar attribute:

Attribute "photon" "shadingmodel" "chrome"

Unfortunatelythis “shadingmodels” don't give you the freedomto
userealshaderswhich specifyhow muchphotonsarere�ectedor re-
fracted,how many areabsorbedor whichadditionalparameterswould
in�uence thedirectionwherethephotonsgo.

2. Thesecondpassis usingthe�le wherethephotonswerestoredduring
the �rst passandcreatesan image. Thereforeyou have to de�ne a
cameraandall theothersettingswhichin�uencetheimagegeneration.
The �rst realdifferencebetweenthe two RIB �les besidethecamera
andrenderingsettingsis:

LightSource "causticlight" 2

This de�nesanadditionallight sourcewhich is usedto addtheeffect
thephotonshave on thecaustics.Besideof de�ning the �lename for
thephotonmapa few additionalcommandsareusedto make theob-
jects visible to rays, for shadow creation— basicallyray tracing is
activatedwith that — andto de�ne a numberwhich is usedfor col-
lectingthephotonsnearby.

Attribute "visibility" "trace" 1 # make objects visible to rays
Attribute "visibility" "transmission" "opaque" # for shadows
Attribute "photon" "causticmap" "prman11caustics.cpm"
Attribute "photon" "estimator" 200

The groundplaneis now usinga real surfaceshadercalledmatte
whichhasadiffuse component:

Surface "matte"

The geometryre�ecting the photonsgetsa simplere�ecting surface
shadercalledsimplemirror which is taken from the documenta-
tion comingwith theRenderMan Artist Tools(RAT):

surface simplemirror ( )
{

normal Nn = normalize(N);
vector In = normalize(I);
color reflection = Cs;

if (Nn.In < 0) {
vector reflDir = reflect(In,Nn);
reflection = trace(P, reflDir);

}

Ci = Os * reflection;
Oi = Os;

}
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Thisshaderusesthetrace functionto shootarayinto thereflect
directionandthereforeray tracinghasto beactivated.

As I saidbeforeI did useAIR for theothertestsandcreateda verysimilar
sceneto theonecomingwith theRAT documentation:

FrameBegin 1
Format 400 300 1
PixelSamples 4 4
ShadingInterpolation "smooth"
Display "aircaustics.tiff" "file" "rgba"
Projection "perspective" "fov" 22
Translate 0 -0.5 8
Rotate -40 1 0 0
Rotate -20 0 1 0

Option "render" "max_raylevel" [4]
Option "model" "float unitsize" [0.001]
Attribute "trace" "bias" [0.05]

WorldBegin
LightSource "caustic" 1
Attribute "light" "string shadows" "on"
Attribute "light" "integer nphotons" [ 100000 ]
LightSource "spotlight" 2 "from" [-4 7 -7] "to" [0 0 0]
"intensity" 100 "coneangle" 0.2

Attribute "render" "string casts_shadows" ["opaque"]
Attribute "visibility" "integer shadow" [1]

# Ground plane
AttributeBegin

Attribute "caustic" "float maxpixeldist" [ 20 ]
Attribute "caustic" "integer ngather" [ 75 ]
Attribute "visibility" "integer camera" [ 1 ]
Attribute "visibility" "integer reflection" [ 1 ]
Attribute "visibility" "integer shadow" [ 1 ]
Attribute "visibility" "indirect" [ 1 ]
Surface "matte"
Color [1 1 1]
Scale 3 3 3
Polygon "P" [ -1 0 1 1 0 1 1 0 -1 -1 0 -1 ]

AttributeEnd

# Box
AttributeBegin

Attribute "caustic" "color specularcolor" [ 0.4 0.4 0.4 ]
Attribute "caustic" "color refractioncolor" [ 0.0 0.0 0.0 ]
Attribute "caustic" "float refractionindex" [ 1.0 ]
Color [1 1 0]
Attribute "visibility" "integer camera" [ 1 ]
Attribute "visibility" "integer reflection" [ 1 ]
Attribute "visibility" "integer shadow" [ 1 ]
Attribute "visibility" "indirect" [ 1 ]
Translate 0.3 0 0
Rotate -30 0 1 0
Surface "simplemirror"
Polygon "P" [ 0 0 0 0 0 1 0 1 1 0 1 0 ] # left side
Polygon "P" [ 1 0 0 1 0 1 1 1 1 1 1 0 ] # right side
Polygon "P" [ 0 1 0 1 1 0 1 0 0 0 0 0 ] # front side
Polygon "P" [ 0 1 1 1 1 1 1 0 1 0 0 1 ] # back side
Polygon "P" [ 0 1 0 1 1 0 1 1 1 0 1 1 ] # top

AttributeEnd
WorldEnd

FrameEnd

The main differencebetweenAIR andPRManis that you cancreatethe
causticsin asinglepass. Herein shortthestepsnecessaryto producecaus-
tics with AIR. This is takenfrom thedocumentationcomingwith AIR:

1. Add acausticlight sourceto thescene:



c
�

JanWalter2003/04 58

LightSource "caustic" 1

2. Set the numberof photonsto tracefor eachlight that is to produce
caustics:

Attribute "light" "integer nphotons" [ 100000 ]

3. For eachsurfacethat is to receive caustics,settheminimumnumber
of photonsto gatherfor theirradianceestimate:

Attribute "caustic" "integer ngather" [ 75 ]

andthemaximumdistance(in pixels)for gatheringphotons:

Attribute "caustic" "float maxpixeldist" [ 20 ]

Largervaluesproducesmootherresultsandrequirethatfewerphotons
beusedoverall.

4. Primitivesthatareto receiveor producecausticsmustbemadevisible
to indirect/photonrayswith:

Attribute "visibility" "indirect" [ 1 ]

5. For eachprimitivethatis to producecausticsby re�ecting or refracting
light, setthere�ective color, refractive color, andrefractionindex for
caustics:

Attribute "caustic" "color specularcolor" [ 0.4 0.4 0.4 ]
Attribute "caustic" "color refractioncolor" [ 0.0 0.0 0.0 ]
Attribute "caustic" "float refractionindex" [ 1.0 ]

Thespecularcolorandrefractioncolorattributesdeterminewhathap-
pensto photonsthat intersecta surface. Photonswill be re�ected,
refractedor absorbedin proportionto (respectively), the averagein-
tensityof specularcolor, the averageintensityof refractioncolor, and
1 minusthesumof theaverageintensities.Thesumof specularcolor
andrefractioncolorshouldbe lessthanor equalto 1. If the sum is
greaterthanor equalto 1, no photonswill be storedon that surface
andnocausticswill bevisible.

In AIR photonscanalsobe saved to a �le in the �rst passandreusedin
a secondpass.It' s in your responsibilityto make surethatno photonsare
emittedin thesecondpass.

I managedto renderaverysimilarpictureto �gure 19with AIR. Neverthe-
lessI have thefeelingthatmentalray's controloverhow many photonsare
consideredwithin a certainradiusis morepowerful if it comesto creating
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�ne detailsin the causticspattern.AIR is measuringa similar distancein
pixelswhich makesit harderto work on detailswhich might belessthana
pixel.

Beforewe talk abouthow to createcausticswith mentalray I will giveyou
thedisplacementshaderfor it:

/* myDisplacement.c */

#include <shader.h>

struct myDisplacement
{

miScalar factor;
};

DLLEXPORTmiBoolean
myDisplacement(

miScalar* result,
miState* state,
struct myDisplacement* paras
)

{
miScalar factor;

/* get parameters */
factor = *mi_eval_scalar(&paras->factor);
/* result */
*result += (0.01 * sin(state->tex_list->x * factor * M_PI));

return(miTRUE);
}

It shouldn't be a problemto modify the Make�le I have shown earlier to
compilethis shader. To createthecorrespondingMI �le wheretheshader
andit' s parametersaredeclaredshouldbeeasyaswell. Let's focuson the
relevantpartsof theMI �le whichwasusedto render�gure 19:

1. Causticsmustbeenabledin theoptionsblock.

options "#opt"
...

caustic on
caustic accuracy 700 .05
caustic filter cone 1.1
photonmap file "mrphotonmap.cpm"
photon trace depth 4 4

...
end options

Furtheroptionsgive �ner control over the processandhelp to �ne–
tunethe result. By writing the photonmapto a �le it is possibleto
createoncea photonmapwith a lot of photonsandchangelateronly
parameterswhichdonoteffecttheprocessof storingthephotons.This
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processtakesawhile andwill bedonebeforetheactualray tracingof
thesceneis done. Becauseof it' s natureof beinga post–processit' s
worthto make�rst adecisionaboutthenumberof photonsto emitand
theenergy usedin thelightsby simpletestswithout �ne–tuning. Once
thatdecisionis madeyou canreusethephotonmapandplay with the
parameterslikecaustic accuracy .

2. Thelight sourcemusthaveanenergy statement:

light "#/obj/light1_obj"
"physical_light" (

"color" 1000.0 1000.0 1000.0,
"cone" 0.9867880932509171

)
origin 0 0 0
direction 0 0 -1
spread 0.96891242171064473
energy 1000.0 1000.0 1000.0
caustic photons 5000000

end light

It is advisableto usea light shaderlike physical_light thaten-
suresphysicalcorrectness.Theenergy is distance–dependentandof-
tenhasto bechosenquitelarge.

3. Both the caustic–castingand caustic–receiving objectsmust have a
materialthatcontainsaphotonshaderstatement:

material "#mtl0"
"dgs_material" (

"diffuse" 0.8 0.8 0.8,
"lights" [ "/obj/light1" ]

)
photon "dgs_material_photon" ()

end material
...
material "#mtl1"

"dielectric_material" (
"ior" 0.8,
"col" 1.0 0.0 0.0,
"phong_coef" 0

)
displace "myDisplacement" ("factor" 60)
photon "dielectric_material_photon" ()

end material

Photonshadersmaystoreandeitherabsorb,re�ect, or transmitpho-
tons.

4. The materialshouldnot have a shadow shaderto avoid having light
passthroughtheobjecttwice,oncedirectlyandonceindirectly.

5. Thecaustic–castingmaterialshouldnotbediffusebecausediffuseob-
jectsspreadthelight ratherthanfocusingit.
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6. Thecaustics–receiving materialmust bediffuse,becauseotherwiseno
photonsarestoredthere. Its materialshadermustsupportcollecting
storedphotons.

7. If thecaustics–castingobjectis refractivetheindex of refractionshould
begreaterthan1.0to createa focusingeffect.

To generatecausticsmoreef�ciently , objectscanbe �agged suchthat the
photonsareonly emittedtowardcertainobjectsandstoredonly onselected
objects. Objectsarethendivided into caustic–casting(caustic1 �ag) and
caustic–receiving (caustic2 �ag), or both(caustic3 �ag), or neither(caustic
0 �ag).

4.5 Baking

Larry Gritz describedat SIGGRAPH2002“A Recipefor TextureBaking”
in course16called“RenderManin Production”.In thesamecourseHayden
Landis,workingfor IndustrialLight + Magic,describedseveral“occlusion”
passesin “Production–ReadyGlobal Illumination”. At that time PRMan
didn't supportglobalillumination(GI) andLandisbasicallyshowedhow to
fake certaineffectsof GI.

Todaya lot of rendererdo supportGI but it might be still worth to invest
sometimeto think aboutef�ciency. Theproblemwith GI is thatmostof the
time you will endup with �ick ering in an animationbecausethe solution
might beslightly differentfrom frameto frame.

The imagein �gure 20 shows the ChryslerBuilding renderedwith a ren-
derercalled Lucille 35. The rendereris in very early developmentbut it
allowsyou to renderRIB �les usinggeometrywith only trianglepolygons.
Whichmeansthatyoucan't easilyrenderRIB �les from productionyetbut
on theothersidetheexamplescomingwith Lucille canbemodi�ed to ren-
derwith otherRenderMancompatiblerenderersandwecanusethemto test
thetechniquesdescribedat theSIGGRAPHcourseandcomparerendering
times,quality, etc.with theresultsfrom Lucille.

Evenif thebakingprocesstakesquitea long time it mightbeworth to do it
if you canreusethebakedinformationfor a wholesequence.Larry Gritz'
argumentswhy you might wantto bake complex computationsinto texture
mapswere:

35Seehttp://lucille.sourceforge.net
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– Bakingcanspeeduprender–timeshaderexecutionby replacingasec-
tion of expensiveview–independentandlighting–independentcompu-
tationswith a small numberof texture() calls. For patternsthat
aretruly dependenton only parametric(or reference–space)position,
and have no time–dependenceat all, a single baking can be reused
over many shots. This meansthat it' s okay for the original compu-
tationsto be absurdlyexpensive, becausethat expensewill be thinly
spreadacrossall frames,all shots,for anentireproduction.

– RenderMan–compatiblerenderersdoanexcellentjob of automatically
antialiasingtexturelookups.High–resbakingcanthereforeeffectively
antialiaspatternsthat have resistedall the usualattemptsto analyti-
cally or phenomenologicallyantialias.

– Moderngraphicshardwarecando�ltered texturemaplookupsof huge
numbersof polygonsin real time. Although the programmabilityof
GPUsis rapidly increasing,they are still yearsaway from offering
thefull �e xibility offeredby theRenderManShadingLanguage.But
by pre–bakingcomplex proceduralshaderswith an of�ine renderer,
thoseshaderscan be reducedto texture mapsthat can be drawn in
real–timeenvironments.This revitalizesrendererssuchasEntropy or
PRManaspowerful toolsfor gameandotherrealtimegraphicscontent
development,eventhoughthoserenderersaren't usedin therealtime
appitself. As a casein point, considerthatyou coulduseEntropy (or
anotherrendererwith GI capabilities)to bake out thecontribution of
indirectillumination into light maps.Thoselight mapscanbeusedto
speedup GI appearancein of�ine rendering,or to give a GI lighting
look to realtime–renderedenvironments.

The processdescribedin the SIGGRAPHpaperwas quite technicaland
showedhow to implementthebakingby writing “DSO Shadeops”36. The
mainreasonfor thatis thatin theshadinglanguageof RenderManyoucan't
open�les. In mentalray this would beeasybecausetheshadinglanguage
is usingC or C++ anyway. I usethis techniquequite often to dumpany
informationneededlaterin ashaderto abinary�le, readtheinformationin
theinit phaseof theshader, attachit to thestateasuser data,andreuse
theinformationin themainshader.

In themeantimea lot of rendererssupportbakingnatively. For exampleSi-
Tex Graphicsoffersaspecialversionof their rendererAIR calledBakeAIR
for especiallythe purposeof baking and mental ray 3.0 supports“ light
mapping” for similar reasons.

36DSOstandsfor DynamicSharedObjects
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Before I show a few exampleshow to bake informationwith BakeAIR I
wantto go backto theexampleI mentionedearlier. In thepartcalled“Pro-
duction–ReadyGlobal Illumination” of theSIGGRAPHcoursethe author
talksaboutbothHDR37 imagesandambientocclusion.

Figure20: ChryslerBuilding renderedwith Lucille

I just took theexamplecomingwith Lucille andchangedtheRIB �le a bit
to useit with a renderercalled3Delight38. With 3Delight therecomesan
examplehow to useHDR imagesandI justaddedthecommandsnecessary
to usea light probeasan environmentmapandto addsomeambientoc-
clusionto theresult. It makesa big differenceto thepictureyou would get
with just the defaultsurface shader. And it' s renderedwith just one
pass.

Thestepsnecessaryarequitesimple. First I removedall Surface lines,
theAreaLightSource andall linestherendererwascomplainingabout
from the original RIB �le. This allows me to renderwithout any lights
usingthedefaultsurface shader. ThenI addedthefollowing linesfor
3Delight:

37High DynamicRange
38Seehttp://www.3delight.com
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Figure21: ChryslerBuilding renderedwith 3Delight

Attribute "visibility" "transmission" "opaque"
LightSource "envlight" 3 "float samples" 32

"string envmap" "grace_probe.tdl"
"float Kenv" .5 "float Kocc" 0.5

Surface "matte" "float Kd" 0.5

Objectscontributing to occlusionhave to be taggedasvisible to transmis-
sion rays. This is doneby the �rst line. The ambientocclusionis calcu-
latedby thelight shaderenvlight . Havea look at theimplementationof
theshader. ThesameshadertakestheHDR image,which wasdownloaded
fromhttp://www.debevec.org/Probes andconvertedtoatexture,
asanenvironmentmapto light thescenepurelybasedon that image.AIR
hasa very similar shaderwith the samenamebut differentparameters.I
didn't try the HDR imagewith AIR but I checked the ambientocclusion
with thefollowing line39:

LightSource "envlight" 3 "float occlusionsamples" 32

Unfortunatelywe can't usethis exampleeasilyto demonstratebakingwith
BakeAIR becausepolygonsandsubdivision surfaceslack a naturalcoordi-
natesystemfor 2D textures.If themodelwouldhavebeenmadeof NURBS

39All otherlinesarethesameasin theRIB �le for 3Delight.
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it would beeasierto bake theambientocclusion.Neverthelessambientoc-
clusioncanbeusedwith polygonswithoutbakingit andthereareexamples
comingwith BakeAIR which demonstratehow to bake with NURBS sur-
faces. An interestingexamplehow to bake displacementscan be found
onlineat thefollowing two addresses:

http://www.drone.org/tutorials/displacement_ma ps_air .html
http://www.seanomlor.com/owenr

Figure22: Bakednormalsandpositionsof ahead

The ideais to usea low–resversionof a subdivision surfaceandmeasure
thedistanceto a high–resversion.Oncethat informationis bakedyou can
renderthelow–resversionandusethebakedinformationto displaceit back
to theoriginal high–resversion.But why would you like to do that?Well,
this way you canusearbitraryshapesandmorph theminto eachotherby
animatingthedisplacementover time.

Let's have a look at oneof theexampleswhereyou bake thenormalsand
positionsof a faceandusethemlater to placehairsover the whole face.
Figure22shows theresultingimagefor bakingthenormalson theleft, and
for baking the positionson the right. First you have to de�ne for a each
textureyou wantto createthroughthebakingprocessaDisplay line:

Display "headP.tif" "file" "P" "quantize" [0 0 0 0]
Display "headN.tif" "file" "N" "quantize" [0 0 0 0]
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The next stepis to eitherspecifya camerawhich will producea tessella-
tion during the renderingprocesswhich will be usedfor the bakingor to
explicitly controlthetessellationwith someadditionalcommands:

Attribute "divide" "u" 64

Now you speci�edthetessellationandthe�lenamesfor thebakingbut you
didn't say which geometryshouldbe used. This is doneby addingthe
following linesto thegeomtryde�nition:

NuPatch ... "P" [ ... ]
"constant string bakemap_P" "headP.tif"
"constant string bakemap_N" "headN.tif"

Figure 22 shows the baked textureswhich are usedto grow hair on the
NURBSsurface.Look at �gure 23 for theresult.

Figure23: Useaproceduralshaderto grow hair

But how wasthehairplacedontothehead?AIR allowsyouto write — be-
sidethe� ve standardshadertypesmentionedearlier— shadersof two ad-
ditional shadertypes:Thetransformation andprocedure shaders.
In theRIB �le creatingtheimageof �gure 23 you will �nd at thevery end
thefollowing lines:
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...
Surface "VHair" "color RootColor" [.03 .02 .01]

"color TipColor" [.6 .6 .2]
Procedure "growhair"

"float ns" 400
"float nt" 400
"string Pfile" "headP.tif"
"string Nfile" "headN.tif"
"float height" .3
"float width" .02
"float vary" .2

WorldEnd
FrameEnd

This attachesa surface shadercalledVHair with someparametersto
thegeometrywhichwill becreatedby aprocedure shaderwith thename
growhair . Thesurfaceshaderis comingwith theAIR distributionandthe
compiledversionof theshaderwascreatedfrom �le whichcanbefoundin
the$AIRHOME/vshaders folder. All the�le in this folder werecreated
visually by usingVShadeon Windows. Seesection1 for a screenshotof
this program.Neverthelessthe �le is storedin a humanreadableway and
shouldn't be too differentfrom standardshaders.The sourcecodefor the
othershadercanbe found in $AIRHOME/bakeexamples/fuzz . Ba-
sically a procedure shaderusesribprintf commandsto createthe
linesfor theRIB �le wheretheshaderis called.

5 Light SourceShaders

In thechapterOtherKindsof Shaderin book [3] you �nd a sectionabout
light shaders.In book[1] therearetwo chaptersdealingwith light shaders:
ThechapterLightingandShadinggivesanoverview of light sourceshaders
andthechapterA Galleryof Shadersshowsthesourcecodeof thestandard
shaders.Thereyouwill �nd thefollowing light sourceshadersexplained:

– ambientlight40

– distantlight41

– pointlight 42

– spotlight43

40Seesection5.1.
41Seesection5.2.
42Seesection5.3.
43Seesection5.4.
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In thebook [2] thereis sectionof chapterIllumination ModelsandLights
which dealswith Light Sourcesandbesidethe standardlight shadersyou
will �nd thesourcecodefor thefollowing shaders:

– arealight44

– shadowspot45

Thebook[3] will show yousomenon–standardlight shaders:

– nearfarlight : Is anexampleof anon–physicallight.

– beamlight: Is a simpli�ed versionof the standardspotlight shader
with sharpedges.

– colorlight : Shows how to modify thelight colorbasedon the"hsv"
colorspace:

...
lightcolor = color "hsv" (cosangle*10, 1, 1);
...

Hereareall thecolorcoordinatesystemssupportedin theshadinglan-
guage:

Coordinate system Description
”rgb” Red,green,blue
”hsv” Hue,saturation,value
”hsl” Hue,saturation,lightness
”xyz”, ”XYZ” CIE XYZ coordinates
”YIQ” NTSCcoordinates

Table2: Color spaces

From the RIB �le perspective you shouldknow the following factsabout
lights. TheRenderManinterfacede�nestwo typesof light sources:

– Non–geometric lights are light sourcesfor which there is a single
“ray” of light from the light sourceto any givenpoint on thesurface
andthey arecreatedwith theRIB commandLightSource .

44Seesection5.5.
45Seesection5.6.
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– Geometric lights arelight sourcesfor which therearemultiple rays
of light, emanatingfrom independentpositions,streamingtowards
eachpointon thesurfaceandthey arecreatedwith theRIB command
AreaLightSource . Theeasiestway to describethosepositionsis
to associatesomegeometricshapewith thelight source.

You canmake furtherdistinctionsbasedon thecommandsusedin thelight
shader:

– An ambient light source is one with no illuminate or solar
statement.Seesection5.1for anexample.

– The illuminate constructneedsa position and optional you
can specify a direction axis and an angle to de�ne a “cone of
light” with the apex at position . Seesection5.3 for the useof
this constructin thestandardpointlight shaderby usingonly the
position . Seesection5.4for theuseof this constructwith all pos-
sibleparametersin thestandardshaderspotlight .

illuminate(position [,axis,angle]) statement

– The solar constructrestrictsillumination to a rangeof directions
without specifyinga positionfor thesource.Thedirectionaxis and
theangle areoptional.Seesection5.2for theuseof thisstatementin
thestandardshaderdistantlight . In thebook[1] youwill �nd an
examplehow to usethesolar constructfor a skylight shaderwhich
de�nesahemisphere.

solar([axis,angle]) statement

Table5 onpage74 showsa list of prede�nedlight sourceshadervariables.

5.1 Ambient Light Sources

If a light sourcedoesnot haveanilluminateor solar statement,it is a non–
directionalambientlight source.An ambientlight sourcesupplieslight of
thesamecolor andintensityto all pointson all surfaces.Thesourcecode
for thestandardshaderambientlight is quitesimple:

light ambientlight(
float intensity = 1;
color lightcolor = 1)
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{
Cl = intensity * lightcolor;

}

The resultof the ambientlight shaderis placedin the global variableCl ,
which is theoutputof all light sources.

5.2 Distant Light Sources

Unlike an ambientlight source,a distantsourcecastsits light in only one
direction:

light distantlight (
float intensity = 1;
color lightcolor = 1;
point from = point "shader" (0,0,0);
point to = point "shader" (0,0,1))

{
solar (to-from, 0)

Cl = intensity * lightcolor;
}

Thevectorde�nedby thedifference

��@

� ��AB�1��CD� is usedin asolar statement
to restricttheemissionto thatdirection.

5.3 Point Light Sources

A point light sourceis theconverseof a distantlight. It radiateslight in all
directions,but from asinglelocation.

light pointlight (
float intensity = 1;
color lightcolor = 1;
point from = point "shader" (0,0,0))

{
illuminate (from)

Cl = intensity * lightcolor / (L.L);
}
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Within illuminate 46 L is avectorfrom thepositionof thelight sourceto the
surfacepoint beingilluminated. The dot productimplementsthe square–
law falloff of light intensitywith distancefrom thesource.

5.4 Spot Light Sources

This shaderalsousesthe illuminate construct,but it suppliesnot just the
spotlightposition,but alsoa coneof illumination:

light spotlight (
float intensity = 1;
color lightcolor = 1;
point from = point "shader" (0,0,0);
point to = point "shader" (0,0,1);
float coneangle = radians(30);
float conedeltaangle = radians(5);
float beamdistribution = 2)

{
float atten, cosangle;
uniform vector A = normalize(to-from);

illuminate (from, A, coneangle) {
cosangle = (L.A) / length(L);
atten = pow(cosangle, beamdistribution) / (L.L);
atten *= smoothstep(cos(coneangle),

cos(coneangle-conedeltaangle),
cosangle);

Cl = atten * intensity * lightcolor ;
}

}

Thelatter is speci�edasa direction,A, anda width, speci�ed in radiansby
theconeangle instancevariable.

5.5 Ar eaLight Sources

Area light sourcesarethosethat areassociatedwith geometry. Similar to
the RIB commandLightSource thereis anotherRIB commandcalled
AreaLightSource which speci�es the shadername,a handle,and a
parameterlist.

light arealight (
float intensity = 1;
color lightcolor = 1)

46Theonly placeit is de�ned.
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{
illuminate (P, N, PI/2)

Cl = intensity * lightcolor / (L.L);
}

Note thesimilarity to thepointlight shader— themaindifferenceis that,
rather than using a from parameteras the light position, we illuminate
from thepositionP thattherendererchosefor usby samplingthearealight
geometry.

5.6 Light SourcesAnd Shadows

Similar to thespotlight shadershown beforeyou cande�ne a shadowspot
shaderwhich castsshadows. The main differenceis that beforethe �nal
color is assignedto theglobalvariableCl theremight beanattenuationof
the light contribution becausethe illuminatedpoint is in shadow. Hereare
thetwo lines(besideadditionalparametersfor theshader)which make the
difference:

...
if (shadowname != "") {

atten *= 1-shadow(shadowname, Ps,
"samples", shadownsamps,
"blur", shadowblur,
"bias", shadowbias);

}
Cl = atten * intensity * lightcolor;
...

Notice that the sourcecodeof the shaderprinted in the book is slightly
differentfrom theversionyoucandownloadfrom thecompanionwebsite:

http://www.mkp.com/renderman
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6 SurfaceShaders

7 DisplacementShaders

8 Imager Shaders

9 VolumeShaders

10 Tables

Name Type Description
Cs color Surfacecolor
Os color Surfaceopacity
P point Surfaceposition
dPdu vector Derivativeof surfacepositionalongu
dPdv vector Derivativeof surfacepositionalongv
N normal Surfaceshadingnormal
Ng normal Surfacegeometricnormal
u,v �oat Surfaceparameters
du,dv �oat Changein surfaceparameters
s,t �oat Surfacetexturecoordinates
L vector Incominglight ray direction
Cl color Incominglight ray color
Ol color Incominglight ray opacity
E point Positionof theeye
I vector Incidentray direction
ncomps �oat Numberof color components
time �oat Currentshuttertime
dtime �oat Theamountof timecoveredby this shadingsample
dPdtime vector How thesurfacepositionP is changingperunit time,

asdescribedby motionblur in thescene
Ci color Incidentray color
Oi color Incidentray opacity

Table3: Prede�nedsurfaceshadervariables
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Name Type Description
P point Pixel rasterposition
Ci color Pixel color
Oi color Pixel opacity
alpha �oat Fractionalpixel coverage
ncomps �oat Numberof color components
time �oat Shutteropentime
dtime �oat Theamountof time theshutterwasopen
Ci color Outputpixel color
Oi color Outputpixel opacity

Table4: Prede�nedimagershadervariables

Name Description
P Surfacepositionon thelight
dPdu Derivativeof surfacepositionalongu
dPdv Derivativeof surfacepositionalongv
N Surfaceshadingnormalon thelight
Ng Surfacegeometricnormalon thelight
u,v Surfaceparameters
du,dv Changein surfaceparameters
s,t Surfacetexturecoordinates
L Outgoinglight raydirection
Ps Positionbeingilluminated
E Positionof theeye
ncomps Numberof colorcomponents
time Currentshuttertime
dtime Theamountof timecoveredby this shadingsample
Cl Outgoinglight raycolor
Ol Outgoinglight rayopacity

Table5: Prede�nedlight sourceshadervariables
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