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AnnouncementsAnnouncementsAnnouncements

Motion capture lab tour!Motion capture lab tour!
3:50 3:50 –– 4:20pm today4:20pm today

I will have office hours in I will have office hours in WeHWeH 5336 today after 5336 today after 
class from 4:30class from 4:30--5:30pm5:30pm

Lab1 due today at 23:59:59Lab1 due today at 23:59:59
http://gamedev.cs.cmu.edu/spring2007/http://gamedev.cs.cmu.edu/spring2007/
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Today’s OverviewTodayToday’’ s Overviews Overview

�� Lighting and ShadingLighting and Shading

�� Conventional Conventional ““ Cheap Dirty TricksCheap Dirty Tricks”” to to 
Fool the ViewerFool the Viewer
–– Texture MappingTexture Mapping

–– Bump MappingBump Mapping

–– Environment MappingEnvironment Mapping

–– Light MappingLight Mapping

�� GPU ConsiderationsGPU Considerations



15-466 Computer Game Programming,  Carnegie Mellon University,  Spring 2007  (James Kuffner)

Lighting and ShadingLighting and ShadingLighting and Shading

�� Approximate physical realityApproximate physical reality

�� PhongPhong Illumination ModelIllumination Model
–– Approximate only interaction light, surface, viewerApproximate only interaction light, surface, viewer

–– Relatively fast (onRelatively fast (on--line), supported in OpenGLline), supported in OpenGL

�� Ray tracing:Ray tracing:
–– Follow light rays through a sceneFollow light rays through a scene

–– Accurate, but expensive (offAccurate, but expensive (off--line)line)

�� RadiosityRadiosity::
–– Calculate surface interCalculate surface inter--reflection approximatelyreflection approximately

–– Accurate, especially interiors, but expensive (offAccurate, especially interiors, but expensive (off--line)line)



15-466 Computer Game Programming,  Carnegie Mellon University,  Spring 2007  (James Kuffner)

Light TransportLight TransportLight Transport
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Ray-tracing Example:
Reflection and Refraction

RayRay--tracing Example:tracing Example:
Reflection and RefractionReflection and Refraction

"Glasses" by Gilles Tran (2006)
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Radiosity ExampleRadiosityRadiosity ExampleExample

Restaurant Interior. Guillermo Leal, Evolucion Visual
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Procedural Models and TexturesProcedural Models and TexturesProcedural Models and Textures

"Bonsais" by Jaime VivesPiqueres (1999)
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Programmable PipelineProgrammable PipelineProgrammable Pipeline
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Example:  Environment MappingExample:  Environment MappingExample:  Environment Mapping
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Light Sources and Material PropertiesLight Sources and Material PropertiesLight Sources and Material Properties

�� Appearance depends onAppearance depends on
–– Light sources, their locations and propertiesLight sources, their locations and properties
–– Material (surface) propertiesMaterial (surface) properties
–– Viewer positionViewer position

�� Ray tracing:Ray tracing: from viewer into scenefrom viewer into scene

�� RadiosityRadiosity:: interreflectionsinterreflections between surface between surface 
patchespatches

�� PhongPhong Model:Model: at material, from light to viewer at material, from light to viewer 
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Common Types of Light SourcesCommon Types of Light SourcesCommon Types of Light Sources

�� Ambient lightAmbient light: no identifiable source or direction: no identifiable source or direction

�� Point sourcePoint source: given only by point: given only by point

�� Distant lightDistant light: given only by direction: given only by direction

�� SpotlightSpotlight: from source in direction : from source in direction 
–– CutCut--off angle defines a cone of lightoff angle defines a cone of light

–– Attenuation function (brighter in center)Attenuation function (brighter in center)
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Ambient LightAmbient LightAmbient Light

�� Global ambient lightGlobal ambient light
–– Independent of light sourceIndependent of light source

–– Lights entire sceneLights entire scene

�� Local ambient lightLocal ambient light
–– Contributed by additional Contributed by additional 

light sourceslight sources

–– Can be different for each Can be different for each 
light and primary colorlight and primary color

�� Computationally Computationally 
inexpensiveinexpensive
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Point SourcePoint SourcePoint Source

�� Light emitted equally in all directionsLight emitted equally in all directions
from a point locationfrom a point location

�� Attenuation:  Intensity decreases with Attenuation:  Intensity decreases with 
square of distancesquare of distance
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Limitations of Point SourcesLimitations of Point SourcesLimitations of Point Sources

�� Shading and shadows inaccurateShading and shadows inaccurate

�� Example: penumbra (partial Example: penumbra (partial ““softsoft”” shadow)shadow)

�� Similar problems with highlightsSimilar problems with highlights

�� Use attenuation toUse attenuation to
soften lightingsoften lighting

�� Better with ray tracingBetter with ray tracing

�� Better with Better with radiosityradiosity
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Directional Light :
Infinitely Distant Light Source

Directional Light :Directional Light :
Infinitely Distant Light SourceInfinitely Distant Light Source

�� Parallel rays (like the sun)Parallel rays (like the sun)

�� Given by a direction vector  Given by a direction vector  d  d  and color  and color  cc
�� Simplifies some calculationsSimplifies some calculations

�� In OpenGL:In OpenGL:
–– Point source [x  y  z  1]Point source [x  y  z  1]TT

–– Distant source [x  y  z  0]Distant source [x  y  z  0]TT

dd
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SpotlightSpotlightSpotlight

�� Most complex light source in OpenGLMost complex light source in OpenGL

�� Light emanates from point  Light emanates from point  pp in direction  in direction  dd

�� Conical Conical AttentuationAttentuation : Falloff by cone : Falloff by cone 
determined by angle  determined by angle  qq

lightp

qq

dd
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Spotlight AttenuationSpotlight AttenuationSpotlight Attenuation

�� Spotlight is brightest along  Spotlight is brightest along  dd

�� Vector  Vector  vv with angle with angle ff from from pp to point on surfaceto point on surface

�� Intensity determined by  Intensity determined by  coscos ff

�� Corresponds to projection of  Corresponds to projection of  vv onto onto dd

�� Spotlight exponentSpotlight exponent ee determines falloff ratedetermines falloff rate

for  e = 1 for  e > 1
curve narrows

ee dvI )()(cos ×== f
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Phong Illumination ModelPhongPhong Illumination ModelIllumination Model

�� Calculate color for arbitrary point on surfaceCalculate color for arbitrary point on surface

�� Compromise between realism and efficiencyCompromise between realism and efficiency

�� Local computation (no visibility calculations)Local computation (no visibility calculations)

�� Basic inputs are material properties and  Basic inputs are material properties and  l, n, vl, n, v ::

l =  unit vector to light source
n =  surface normal
v =  unit vector to viewer
r =  reflection of  l at  p

typical result   =typical result   =

r
v

l
n

p

viewer
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Basic CalculationBasic CalculationBasic Calculation

�� Calculate each color channel separatelyCalculate each color channel separately

�� Start with global ambient lightStart with global ambient light

�� Add reflections from each light sourceAdd reflections from each light source

�� Clamp to the range  [ Clamp to the range  [ 0, 10, 1 ]]

�� Reflection decomposed intoReflection decomposed into
–– Ambient reflectionAmbient reflection

–– Diffuse reflectionDiffuse reflection

–– SpecularSpecular reflectionreflection

�� Based on ambient, diffuse, and Based on ambient, diffuse, and specularspecular
lighting and materiallighting and material propertiesproperties



15-466 Computer Game Programming,  Carnegie Mellon University,  Spring 2007  (James Kuffner)

Ambient ReflectionAmbient ReflectionAmbient Reflection

�� Intensity of ambient light uniform at every pointIntensity of ambient light uniform at every point
�� Ambient reflection coefficient  Ambient reflection coefficient  kkaa, 0, 0 �� kkaa �� 11

�� Can be different for every surface and  Can be different for every surface and  r,g,br,g,b
color channelcolor channel

�� Determines reflected fraction of ambient lightDetermines reflected fraction of ambient light

�� LLaa = ambient component of light source= ambient component of light source

�� Ambient intensity  Ambient intensity  IIaa = k= kaa LLaa

�� Note:  Note:  LLaa is just a hack and is is just a hack and is notnot a physically a physically 
meaningful quantitymeaningful quantity
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Diffuse ReflectionDiffuse ReflectionDiffuse Reflection

�� Diffuse reflector scatters lightDiffuse reflector scatters light

�� Assume equal scattering in all directionsAssume equal scattering in all directions

�� Called Called LambertianLambertian surfacesurface
�� Diffuse reflection coefficient  Diffuse reflection coefficient  kkdd,  0,  0 �� kkdd �� 11

�� Angle of incoming light still criticalAngle of incoming light still critical

�� Physical intuition :Physical intuition :
even even ““smoothsmooth”” surfacessurfaces
are not really smooth are not really smooth 
(e.g. (e.g. microfacetsmicrofacets))
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�� Intensity depends on angle of incoming light  Intensity depends on angle of incoming light  LLdd

ll =  =  unit vector unit vector toto lightlight
nn =  =  unit surface normalunit surface normal

qq =  =  angle to normalangle to normal

coscos qq = = ll �� nn

IIdd = = kkdd LLd d ((ll �� nn))

�� With attenuation:With attenuation:

Lambert’s LawLambertLambert’’s Laws Law

D = distance to light source,
Ld = diffuse component of light

)(2
1 nlLkI ddcDbDad ×=
++

nn
qq ll

DD

lightp
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Specular ReflectionSpecularSpecular ReflectionReflection

�� Used to model Used to model specularspecular highlights highlights 
�� SpecularSpecular reflection coefficient  reflection coefficient  kkss :  :  00 �� kkss �� 11

�� Shiny surfaces have high Shiny surfaces have high specularspecular coefficientcoefficient

�� Note:  does Note:  does not not capture mirror effectscapture mirror effects

specular reflection specular highlights
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Shininess CoefficientShininess CoefficientShininess Coefficient

LLss = = specularspecular component of lightcomponent of light

rr = vector of perfect reflection of  = vector of perfect reflection of  ll about  about  nn

vv = unit vector to viewer= unit vector to viewer

ff == angle between  angle between  vv and  and  rr

aa == shininess coefficientshininess coefficient

IIss = = kkss LLss ((coscos f ) f ) aa

�� Compute Compute coscos ff = = rr �� vv

�� Requires | Requires | rr | = | | = | vv | = 1| = 1

�� Multiply by distance termMultiply by distance term
for attenuationfor attenuation

r

v
l

n

p

viewer

ff



15-466 Computer Game Programming,  Carnegie Mellon University,  Spring 2007  (James Kuffner)

Shininess Coefficient  ( n = a )Shininess Coefficient  ( n = Shininess Coefficient  ( n = aa ))

Higher a yields a
narrower highlight
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Summary of Phong ModelSummary of Summary of PhongPhong ModelModel

�� Light components Light components (one for each color)(one for each color) ::
ambient ( ambient ( LLaa ), diffuse ( ), diffuse ( LLd d ), ), specularspecular ( ( LLs s ))

�� Material coefficients Material coefficients (one for each color):(one for each color):

ambient ( ambient ( kka a ), diffuse ( ), diffuse ( kkdd ), ), specularspecular ( ( kkss ))

�� Add ambient light to distance attenuated diffuse and Add ambient light to distance attenuated diffuse and 
specularspecular contributions for each light source :contributions for each light source :

�� Attenuation factor involves the distance  Attenuation factor involves the distance  DD from surface from surface 
point to light source (in this case, an inverse quadratic) point to light source (in this case, an inverse quadratic) 

l =  unit vector to light
n =  surface normal

r =  l reflected about  n
v =  unit vector to viewer

( )a)()(2
1 vrLknlLkLkI ssddcDbDaaa ×+×+=
++

r
v

l
n

p

viewer
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Bidirectional Reflection Distribution Function 
(BRDF)

Bidirectional Reflection Distribution Function Bidirectional Reflection Distribution Function 
(BRDF)(BRDF)

�� Two Two ““directionsdirections”” ::
–– dir. of incoming lightdir. of incoming light
–– dir. of viewerdir. of viewer

�� Angular distribution Angular distribution 
of reflected light as a of reflected light as a 
function of incoming function of incoming 
light directionlight direction

�� 44--dimensional dimensional 
functionfunction

�� Specific to aSpecific to a
materialmaterial

�� Isotropic vs. Isotropic vs. 
anisotropicanisotropic
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BRDF MeasurementBRDF MeasurementBRDF Measurement

[Marschner et al. 1999]
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Shading versus TexturingShading versus TexturingShading versus Texturing

�� Shading:Shading:
–– Calculate color based on illumination / lighting Calculate color based on illumination / lighting 

model, reflection model, etc.model, reflection model, etc.

–– Simulates the interaction of light with the surface Simulates the interaction of light with the surface 
materialsmaterials

�� Texturing:Texturing:
–– Modify some surface property using an explicit map Modify some surface property using an explicit map 

or a procedure callor a procedure call

–– Common case:  diffuse Common case:  diffuse ““image mapimage map””
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TexturingTexturingTexturing
�� Provides realistic appearance to models without having to Provides realistic appearance to models without having to 

add additional geometric fine detailadd additional geometric fine detail

�� Works by modifyingWorks by modifying
various shading propertiesvarious shading properties
of an object by mappingof an object by mapping
a function (such as a 2Da function (such as a 2D
image) onto the surface.image) onto the surface.

�� First texture map:First texture map:
[ [ CatmullCatmull ’’74 ]74 ]

�� Environment map:Environment map:
[ [ BlinnBlinn & Newell & Newell ’’76 ]76 ]
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Creating TexturesCreating TexturesCreating Textures

� Use Real Photographs

� Use Drawings 

� Procedural methods (2D or 3D)
– Associate each x,y,z value directly with

a  u,v,w value in the texture block 
– (sculpting in marble and granite)
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Procedurally Generating Textures 
Directly on Surfaces

Procedurally Generating Textures Procedurally Generating Textures 
Directly on SurfacesDirectly on Surfaces

Reaction-Diffusion Texture Synthesis
Greg Turk, Proc SIGGRAPH 1991
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Texture 
Synthesis 
from Source 
Images
on Surfaces
[Turk 2001]

Texture Texture 
Synthesis Synthesis 
from Source from Source 
ImagesImages
on Surfaceson Surfaces
[Turk 2001][Turk 2001]
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Bump Mapping: A Dirty TrickBump Mapping: A Dirty TrickBump Mapping: A Dirty Trick
�� Which spots bulge out, and which are Which spots bulge out, and which are 

indented?indented?

�� Answer: None! This is a flat image.Answer: None! This is a flat image.

�� The human visual system is hardThe human visual system is hard--coded to coded to 
expect light from aboveexpect light from above

�� In CG, we can perturb the normal vector In CG, we can perturb the normal vector 
without having to make any actual change to without having to make any actual change to 
the shape.the shape.
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Bump MappingBump Mapping
�� Basic texture mapping paints on to a smooth surfaceBasic texture mapping paints on to a smooth surface

�� How do you make a surface look How do you make a surface look roughrough??

–– Option 1: model the surface with many small polygonsOption 1: model the surface with many small polygons

–– Option 2: perturb the normal vectors before the Option 2: perturb the normal vectors before the 
shading calculationshading calculation

+ =

Sphere w/Diffuse Texture Map Bump Map Sphere w/Diffuse Texture + Bump Map

Real Bump Fake BumpFlat Plane
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Bump MappingBump MappingBump Mapping

�� We can perturb the normal vector without having to We can perturb the normal vector without having to 
make any actual change to the shape.make any actual change to the shape.

�� This illusion can be seen throughThis illusion can be seen through——how?how?

Original model (5M) Simplified (500) Simple model with bump map
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Displacement MappingDisplacement Mapping

�� Use texture map to displace each point on the surfaceUse texture map to displace each point on the surface
( texture value gives amount to move in direction normal to surf( texture value gives amount to move in direction normal to surface )ace )

�� How is this different from bump mapping?How is this different from bump mapping?
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Environment MappingEnvironment MappingEnvironment Mapping

�� SpecularSpecular reflections that mirror the environmentreflections that mirror the environment

�� Use a cube map or spherical image map to Use a cube map or spherical image map to 
associate reflected colors with all directionsassociate reflected colors with all directions
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Environment Mapping OriginsEnvironment Mapping OriginsEnvironment Mapping Origins

BlinnBlinn’’ ss original reflection map sourceoriginal reflection map source
(1976)(1976)
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Environment MappingEnvironment Mapping

Cube is a natural
intermediate object 
for a room
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Environment Mapping: Cube MapsEnvironment Mapping: Cube Maps
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Environment Map Sperical TexturesEnvironment Map Environment Map SpericalSperical TexturesTextures

CafCaféé Verona, Palo Alto, CaliforniaVerona, Palo Alto, California
image map by Silicon Graphics  (circa 1990)image map by Silicon Graphics  (circa 1990)
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Creating a Spherical Environment MapCreating a Spherical Environment MapCreating a Spherical Environment Map

Gene MillerGene Miller’’ s environment map sources environment map source
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Light MappingLight Mapping

Radiance Texture Map Only Radiance Texture + Light Map

Light Map

�� Light maps used to store preLight maps used to store pre--computed illumination and computed illumination and 
shadows for the static geometry in the sceneshadows for the static geometry in the scene

�� Combine Light map color and diffuse texture map colorCombine Light map color and diffuse texture map color

An example ofAn example of
light mappinglight mapping
in  in  ““ QuakeQuake””
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Soft Shadows (Area Lights)Soft Shadows (Area Lights)Soft Shadows (Area Lights)
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Depth of FieldDepth of FieldDepth of Field
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Motion BlurMotion BlurMotion Blur

Render with technique similar to those for spatial 
antialising, but supersampleboth spatially and temporally

http://www.eml.hiroshima-u.ac.jp/gallery/ComputerGraphics/motion_blur/index.html
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Participating MediaParticipating MediaParticipating Media
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Photon MappingPhoton MappingPhoton Mapping
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Ray Tracing and RadiosityRay Tracing and Ray Tracing and RadiosityRadiosity
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Caustics with Photon MappingCaustics with Photon MappingCaustics with Photon Mapping
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Photon MappingPhoton MappingPhoton Mapping
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Photon Mapping EfficiencyPhoton Mapping EfficiencyPhoton Mapping Efficiency
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Translucency with Photon MappingTranslucency with Photon MappingTranslucency with Photon Mapping

Jensen, et. Al. 1998
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Beyond Photon Mapping:  BSSRDFBeyond Photon Mapping:  BSSRDFBeyond Photon Mapping:  BSSRDF

Jensen, et. Al. 2001

Traditional BRDF


