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OrganisationOrganisation
ll Timetable, scheduleTimetable, schedule

ll References References -- besides slide shows (electronic, besides slide shows (electronic, 
auchauch Deutsch), web... Mount lectures Deutsch), web... Mount lectures www.www.sccgsccg..sksk/~ferko/~ferko

–– A. & M.Watt: A. & M.Watt: Advanced Animation andAdvanced Animation and
Rendering TechniquesRendering Techniques

–– J. Foley, et al.:J. Foley, et al.: Computer Graphics,Computer Graphics,
Principles and PracticePrinciples and Practice

ll Class AssignmentsClass Assignments
ll EE--mail, graphics&vision student contestmail, graphics&vision student contest
ll Andrej Ferko: Andrej Ferko: WorkWork Page... Page... WELCOME = VITAJTE WELCOME = VITAJTE 

ll Better pagesBetter pages::
ll SIGGRAPHSIGGRAPH EGEG SCCGSCCG CESCGCESCG SIGGRAPH2003 SIGGRAPH2003 SIGGRAPH2002 SIGGRAPH2002 CGpapersCGpapers CiteseerCiteseer Helwig'sHelwig's__CC

alendaralendar ACM_SIGGRAPH_ACM_SIGGRAPH_CalendarCalendar IEEE_IEEE_CalendarCalendar TechexpoTechexpo pg.pg.netgraphicsnetgraphics..sksk PrusinkiewiczPrusinkiewicz WebbyWebby
FacedemoFacedemo Helwig'sHelwig's__SmileyDictSmileyDict.. D.D.Mount's BookMount's Book GOOOOOGLEGOOOOOGLE

ll http://www.http://www.cscs..umdumd..eduedu/~mount/427//~mount/427/LectsLects/427lects./427lects.pdfpdf
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Neue Professur Neue Professur @ ICG@ ICG
ll DonnerstagDonnerstag, , ProfessurProfessur "VR und "VR und ComputergrafikComputergrafik""

ll 11:0011:00 Matthias Matthias Teschner Teschner on Collision Detectionon Collision Detection

ll 13:00 Wolfgang 13:00 Wolfgang Müller Müller on on ZukunftZukunft von CG & VRvon CG & VR

ll 15:00 Marc 15:00 Marc EbnerEbner on on BidverarbeitungBidverarbeitung & & GrafikGrafik

ll 17:00 Dirk 17:00 Dirk BartzBartz on on Virtuelle MedizinVirtuelle Medizin
ll ------ Ort: Seminarraum IICM, Ort: Seminarraum IICM, InffeldgasseInffeldgasse 16c, EG, Raum Nr. D1.1016c, EG, Raum Nr. D1.10 ------

ll FreitagFreitag, , ProfessurProfessur "VR und "VR und ComputergrafikComputergrafik""

ll 9:00 Wolfgang 9:00 Wolfgang Stürzlinger Stürzlinger TBATBA

ll 13:00 Dieter 13:00 Dieter Schmalstieg Schmalstieg on on Mobile Mobile AugmentedRAugmentedR
ll ------ All professorial lectures included into All professorial lectures included into VisVis&&AnimAnim/AKCG classes /AKCG classes ------
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2nd Unit 2nd Unit -- ContentContent

4. 4. ColorColor (Foley, van Dam, Chap.13)(Foley, van Dam, Chap.13)

–– ColorColor metrics, metrics, colorcolor modelsmodels

–– ColorColor reproduction reproduction 

5. Light5. Light--Material Interaction (Watt)Material Interaction (Watt)

–– Categories of  Lighting ModelsCategories of  Lighting Models

–– Local Illumination ModelsLocal Illumination Models

–– Lighting Lighting OptimizationOptimization ((MöllerMöller, Haines), Haines)

–– Shadow GenerationShadow Generation
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What is a What is a colorcolor??
ll Physical description: wavelengthsPhysical description: wavelengths

ll Psychological perception: stimulusPsychological perception: stimulus

ll Computer description: Computer description: color color modelsmodels

ll -- different sets of basis and coordinatesdifferent sets of basis and coordinates

ll -- dithering/dithering/halftoninghalftoning

ll Color Color correction: ensure that correction: ensure that percepted percepted 

colors colors are correctare correct

ll by N. by N. HolzschuchHolzschuch, UCT 1996: , UCT 1996: Color Color fidelity and fidelity and Color Color spacesspaces
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ColorColor and and ColorColor metricsmetrics
ll Meaning perceptionMeaning perception

ll Metrics means measure relation of Metrics means measure relation of 

colorscolors to each otherto each other

ll Light rays from selfLight rays from self--luminous object luminous object 

or reflected at the object surfaceor reflected at the object surface

(electromagnetic wave)(electromagnetic wave)

ll Transition from Transition from colorcolor stimulus stimulus 

evaluation to the experience of evaluation to the experience of colorcolor
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Experience of Experience of ColorColor

ll ColorColor stimulus (given stimulus (given 
by object properties by object properties 
and illumination)and illumination)

ll Properties of Properties of 

surrounding objectssurrounding objects

ll Visual system of the Visual system of the 

viewerviewer

ll „Mach„Mach--band“ effectband“ effect
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Perceptual Term vs. Perceptual Term vs. ColorimetryColorimetry

ll Hue                           Dominant wavelengthHue                           Dominant wavelength

ll Saturation                         Excitation puritySaturation                         Excitation purity

ll Lightness (Lightness (reflecting objectsreflecting objects)            Luminance)            Luminance

ll Brightness (Brightness (selfself--luminous objectsluminous objects)      Luminance)      Luminance

ll Wavelengths from 400 nm to 700 nmWavelengths from 400 nm to 700 nm
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Artist PerceptionArtist Perception

ll White          Tints          Pure White          Tints          Pure colorcolor

ll Grays     Grays     Tones        Shades            Tones        Shades            BrightnessBrightness

ll Black                            Black                            SaturationSaturation
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Mixing Mixing ColorsColors
ll Additive Additive colorcolor mixing mixing ((pg.pg.netgraphicsnetgraphics..sksk))

–– Combination of light raysCombination of light rays

–– Examples: CRT, Video BeamerExamples: CRT, Video Beamer

ll Subtractive Subtractive colorcolor mixingmixing
–– Combination of dye stuffs (pigments)         Combination of dye stuffs (pigments)         Goethe’s triangleGoethe’s triangle

–– Examples: ink jet printer, Examples: ink jet printer, --plotterplotter

–– http://www.http://www.cscs.brown..brown.eduedu/courses/cs092/VA10/HTML/start.html/courses/cs092/VA10/HTML/start.html
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ColorColor ModelsModels
Comparison Criteria:Comparison Criteria:

–– Reference to human perceptionReference to human perception

–– Representing of all Representing of all colorscolors

–– Choosing Choosing colorscolors of equal brightnessof equal brightness

–– HardwareHardware--/user/user-- orientedoriented

–– Intuitive or theoretic specificationIntuitive or theoretic specification

Examples: CIE, CIEExamples: CIE, CIE--LAB, CIELAB, CIE--LUV, RGB, CMY(K), LUV, RGB, CMY(K), 

HSV, HLSHSV, HLS
–– http://www.http://www.cscs.brown..brown.eduedu/courses/cs092/VA10/HTML/start.html/courses/cs092/VA10/HTML/start.html
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One One colorcolor appears as Twoappears as Two
Comparison Criteria:Comparison Criteria:

–– Reference to human perceptionReference to human perception

–– Representing of all Representing of all colorscolors

–– Choosing Choosing colorscolors of equal brightnessof equal brightness

–– HardwareHardware--/user/user-- orientedoriented

–– Intuitive or theoretic specificationIntuitive or theoretic specification

Examples: CIE, CIEExamples: CIE, CIE--LAB, CIELAB, CIE--LUV, RGB, CMY(K), LUV, RGB, CMY(K), 

HSV, HLSHSV, HLS
–– more atmore at http://www.http://www.cscs.brown..brown.eduedu/courses/cs092/VA10/HTML/start.html/courses/cs092/VA10/HTML/start.html
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CIECIE

ll All visible All visible colorscolors
defined (defined (chromaticitychromaticity))

ll ColorsColors of equal of equal 
brightnessbrightness

ll Complement Complement colorscolors

ll „„ColorGamutColorGamut““

ll Different Different luminances luminances 
with the same chromaticitywith the same chromaticity

ll Pure Pure colorscolors (curved part)(curved part)

COMMISSION INTERNATIONALE DE  L'ECLAIRAGE

INTERNATIONAL COMMISSION ON ILLUMINATION

INTERNATIONALE   BELEUCHTUNGSKOMMISSION

CIE Central Bureau   Kegelgasse 27   A-1030 Wien  Austria
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Standard Standard ColorColor ModelsModels

ll Simple building of the model for the Simple building of the model for the 
used hardwareused hardware

ll Based on additive or subtractive Based on additive or subtractive 

colorcolor mixing  mixing  

ll Output mediumOutput medium

Examples:Examples:

ll RGB, CMY(K), YIQ, RGB, CMY(K), YIQ, YCbCrYCbCr -- display baseddisplay based

ll HSV, HLS HSV, HLS -- perception basedperception based
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RGB RGB –– ColorColor cubecube
ll System of 3 System of 3 

coordinates: coordinates: 
red, green, bluered, green, blue

ll Additive Additive color color 

ll mixingmixing

ll Usage: CRTUsage: CRT

RED

GREEN

BLUE

BLACK

WHITE

CYAN

MAGENTA

YELLOW
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Complement Complement colorcolor pairspairs
ll RR--CC

ll GG--MM

ll BB--YY

ll KK--YY

ll WW--K, K, black&whiteblack&white

ll 5 EXTREMES5 EXTREMES

RED

GREEN

BLUE

BLACK

WHITE

CYAN

MAGENTA

YELLOW
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CMY/CMYK CMY/CMYK ColorColor spacespace
ll 3D system: cyan, magenta, yellow3D system: cyan, magenta, yellow

ll Subtractive Subtractive colorcolor mixingmixing

ll Usage: hard copy devicesUsage: hard copy devices

ll Conversion RGB Conversion RGB --> CMY:> CMY:

R/G/B = 1 R/G/B = 1 -- C/M/YC/M/Y

ll CMYK: additional CMYK: additional blacKblacK componentcomponent

–– K = min{C,M,Y}K = min{C,M,Y}

–– C/M/Y = C/M/Y C/M/Y = C/M/Y -- KK
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HSVHSV
ll CylindricCylindric

coordinate system:coordinate system:

–– Value: heightValue: height

–– Saturation: Saturation: 

distance to the axisdistance to the axis

–– Hue: angle in the Hue: angle in the 

SVSV--planeplane

ll Representable Representable 

colorscolors createcreate

a cone a cone 

RED

GREEN

BLUE

BLACK

WHITECYAN

V

S

H

YELLOW

S

BLACK

CYAN

V
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Other ModelsOther Models
ll HLSHLS

–– HueHue

–– LightnessLightness

–– SaturationSaturation

–– Doubled pyramidDoubled pyramid

ll NCS NCS -- Natural Natural ColorColor SystemSystem

ll CNS CNS -- ColorColor Naming SystemNaming System

ll YIQ YIQ -- NTSC NTSC colorcolor systemsystem

RED

GREEN

BLUE

BLACK

WHITECYAN

L

S

H

YELLOW

BLACK

L



Visualisation, Rendering & Animation
Heinz Mayer, Franz Leberl, Andrej Ferko

Institut für Maschinelles Sehen und Darstellen
TU Graz

Natural Natural ColorColor System (NCS)System (NCS)
Basic Basic colorscolors::

blue, red, yellow, greenblue, red, yellow, green

ColorColor mixtures:mixtures:

<SS><CC><SS><CC>--<F1><%%><F2><F1><%%><F2>
SSSS black contributionblack contribution
CCCC colorcolor contributioncontribution
F1F1 colorcolor 11
%%%% mixing proportion mixing proportion 
F2F2 colorcolor 22

Example:Example:

40204020--Y60RY60R



Visualisation, Rendering & Animation
Heinz Mayer, Franz Leberl, Andrej Ferko

Institut für Maschinelles Sehen und Darstellen
TU Graz

ColorColor Naming System (CNS)  1Naming System (CNS)  1
Idea:Idea: A HLS relative, verbal A HLS relative, verbal colorcolor model model 

with 7 basic with 7 basic colorscolors::

redred, , greengreen, , blueblue, , yellowyellow, , purplepurple, , orangeorange, , brownbrown

Mixed Mixed colorscolors::

Possible Possible inbetweensinbetweens for adjacent for adjacent colorscolors with with 
the possible relationships:the possible relationships:

–– 25% / 75%: greenish25% / 75%: greenish--yellowyellow

–– 50% / 50%: green50% / 50%: green--yellowyellow

–– 75% / 25%: yellowish75% / 25%: yellowish--greengreen
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ColorColor Naming System (CNS)   2Naming System (CNS)   2
Levels of brightness:Levels of brightness:

very dark, dark,     medium,    light,     very lightvery dark, dark,     medium,    light,     very light

additionally: black, white additionally: black, white 

(0, 0.16, 0.33, 0.5, 0.66, 0.83, 1.00)(0, 0.16, 0.33, 0.5, 0.66, 0.83, 1.00)

Saturations:Saturations:

grayishgrayish,   moderate,  strong,     vivid,   moderate,  strong,     vivid

Example:Example:

very dark vivid redvery dark vivid red
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GammaGamma--correctioncorrection
The connection between electron ray The connection between electron ray 

intensity and light intensity is not linear!intensity and light intensity is not linear!

Formally:Formally:

aγ γ≈2.5

a
1
γ

a

b
ri

g
h
tn

es
s

beam intensity

1II´= /
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ColorColor ReproductionReproduction
ll Representing of synthetic image at the Representing of synthetic image at the 

display area or at the paper display area or at the paper 
((TruecolorTruecolor --> 2> 2n n colorscolors))

ll Problem area 1 (raster displays):Problem area 1 (raster displays):

–– geometric resolution satisfactorygeometric resolution satisfactory

–– radiometric resolution not radiometric resolution not fulfilledfulfilled

ll Problem area 2 (hardcopy methods):Problem area 2 (hardcopy methods):

–– geometric resolution more than satisfactorygeometric resolution more than satisfactory

–– radiometric resolution not radiometric resolution not fulfilledfulfilled
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Color QuantisationColor Quantisation
Task specification:Task specification: Represent more Represent more 

colorscolors using some using some appropriateappropriate
colorscolors with the help of with the help of colorcolor tables tables 
(LUT, look(LUT, look--upup--table).table).

Method:Method:

–– Uniform Uniform quantisationquantisation

–– Popularity methodPopularity method

–– MedianMedian--cut methodcut method

–– OctreeOctree--quantisationquantisation
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Uniform Uniform QuantisingQuantising
TrueColorTrueColor::

ll 8 bit 8 bit redred (256 steps)(256 steps)

ll 8 bit 8 bit greengreen (256 steps)(256 steps)

ll 8 bit 8 bit blueblue (256 steps)(256 steps)

16.7 million 16.7 million colorscolors

256 256 color color mode:mode:

ll 3 bit 3 bit redred (8 steps)(8 steps)

ll 3 bit 3 bit greengreen (8 steps)(8 steps)

ll 2 bit 2 bit blueblue (4 steps)(4 steps)

8x8x4 = 256 8x8x4 = 256 colorscolors
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Popularity methodPopularity method
Idea:Idea: Find the  K Find the  K most frequentmost frequent colorscolors

and use them in the LUT.and use them in the LUT.

Realisation:Realisation:

–– Table with the frequenciesTable with the frequencies

–– K K most frequentmost frequent colorscolors selectionselection

–– apply the closest apply the closest colorcolor in the tablein the table

PitfalPitfal::

minor details might be represented by minor details might be represented by 

strongly falsified strongly falsified colorscolors
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MedianMedian--cut Methodcut Method
Idea:Idea: Each LUT entry should be Each LUT entry should be 

represented by approximately equal represented by approximately equal 
number of pixels.number of pixels.

Realisation:Realisation:

–– Divide the Divide the colorcolor cube to obtain 2 parts with cube to obtain 2 parts with 

the required property the required property 

–– Subdivide each Subdivide each kuboidkuboid with the most with the most 

entriesentries along the longest edge until K along the longest edge until K 

parts createdparts created

–– each median is the representativeeach median is the representative
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Dithering/Dithering/HalftoningHalftoning
ll Simulate more Simulate more colorcolor steps at expense of steps at expense of 

the geometric resolutionthe geometric resolution

ll Definition of dither matricesDefinition of dither matrices

–– grow the pattern outward from the cgrow the pattern outward from the centerenter

–– N+1 level contains all points from level NN+1 level contains all points from level N

–– no structures producedno structures produced

–– compact regionscompact regions

ll Alternative method: „FloydAlternative method: „Floyd--Steinberg“Steinberg“--

error diffusion methoderror diffusion method



Visualisation, Rendering & Animation
Heinz Mayer, Franz Leberl, Andrej Ferko

Institut für Maschinelles Sehen und Darstellen
TU Graz

Dither matricesDither matrices
Example for n=3:Example for n=3:

–– geometric resolution decreases by geometric resolution decreases by 

factor 3 (in each coordinate direction).factor 3 (in each coordinate direction).

–– radiometric resolution increases from 2 radiometric resolution increases from 2 

(monochromatic image) to 10.(monochromatic image) to 10.



5. 5. 
LightLight--Material InteractionMaterial Interaction

Illumination modelsIllumination models
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„Computer Graphics...„Computer Graphics...
ll …… can be formulated ascan be formulated as aa

radiometricallyradiometrically „„weightedweighted““ counterpartcounterpart
ofof computational geometrycomputational geometry… … 

ll …… rendering is done through the rendering is done through the 
applicationapplication of aof a simulation processsimulation process to to 
quantitativequantitative modelsmodels ofof lightlight andand
materialsmaterials toto predictpredict//synthesize synthesize 
appearanceappearance““

ll

ll D.D. DobkinDobkin & S. Teller, 1999& S. Teller, 1999
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Computer Graphics...Computer Graphics...

ll …… must account must account geometrygeometry

ll materialmaterial propertiesproperties:: reflectancereflectance//colorcolor,,
refractive indexrefractive index,, opacityopacity, and (, and (for light for light 
sourcessources)) emmisivityemmisivity

ll radiometryradiometry

ll output for viewingoutput for viewing:: explicitly or implicitly explicitly or implicitly 
psychophysics  psychophysics  

ll byby D.D. DobkinDobkin & S. Teller& S. Teller
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Illumination ModelsIllumination Models
ll LocalLocal Illumination ModelsIllumination Models

((firstfirst order)order)

–– EmpiricEmpiric Models (Models (feasiblefeasible))

–– PhysicalPhysical Models (Models (possiblepossible,, but expensivebut expensive))

ll Globale Illumination ModelsGlobale Illumination Models

(second order)(second order)

–– RayRay--TracingTracing ((photonsphotons))

–– RadiosityRadiosity ((waveswaves, „, „key is the lightkey is the light“)“)
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Reflexion Reflexion PropertiesProperties

a) spiegelnd b) gerichtet diffus

c) diffus

Perfect Specular Imperfect Specular

Diffuse
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BRDFBRDF
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AmbientAmbient LightLight
ll DaylightDaylight (diffuse,(diffuse, undirectedundirected) ) lightsourcelightsource

ll IntensityIntensity in in the giventhe given scene constantscene constant

ll MultipleMultiple reflectionsreflections on on surfacessurfaces inin the the 

scenescene

ll Trivial Illumination Model:   Trivial Illumination Model:   I = I = IIaa kkaa

IIaa intensityintensity of ambientof ambient lightlight

kka a ambient ambient reflection coeficientreflection coeficient
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Lambertian Illumination ModelLambertian Illumination Model

ll DirectionalDirectional

lightsourcelightsource(s)(s) addedadded

ll Diffuse Diffuse reflectionreflection::

independentindependent from from 

the camera positionthe camera position

ll Illumination Model:Illumination Model:

I = I = IIpp kkd d cos cos θθ == IIpp kkd d (N • L)(N • L)

IIpp IntensityIntensity of  of  directionaldirectional lightsourcelightsource, point, point

kkd d diffuse diffuse reflection coeficientreflection coeficient

θ

L

N
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Intensity attenuationIntensity attenuation
ll Intensity contributionIntensity contribution::

ddLL lightsourcelightsource distancedistance

ll Alternative Alternative representationrepresentation::

ll Lighting modelLighting model:: I = I = IIaakkaa + + ffattattIIppkkdd (N• L)(N• L)

2

1

L

att
d

f =










++
= 1,

1
min

2

321 LL

att
dcdcc

f
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DepthDepth--cueingcueing
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ll DistantDistant objectsobjects

appearappear darkerdarker

((optionally  optionally  

„„colorcolor--shiftshift“,“, tootoo))

ll „„Athmospheric Athmospheric 

perspectiveperspective“ “ 

ll LinearLinear interpolationinterpolation: : I‘ = sI‘ = s0 0 IIff + (1+ (1-- ss00))IIbb

ll Scaling betweenScaling between „front/backplane“ „front/backplane“ 
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ShadersShaders,, shading modelsshading models
ll Fill polygonsFill polygons afterafter transformationstransformations and and 

rasterizationrasterization by color valuesby color values

ll FlatFlat--ShadingShading::

–– Lamberts Lamberts illumination modelillumination model

–– single color value for eachsingle color value for each polygonpolygon//triangletriangle

–– advantageadvantage: : veryvery fastfast

–– drawbacksdrawbacks: Mach: Mach--bandsbands,, causingcausing

nonrealisticnonrealistic appearanceappearance

ll Better onesBetter ones: : GouraudGouraud--, , PhongPhong--ShadingShading
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PhongPhong Illumination ModelIllumination Model
ll Adding specularAdding specular reflectionreflection

((dependsdepends onon camera positioncamera position))

ll New Illumination Model:New Illumination Model:

I = I = IIaa kkaa ++ ffattatt IIpp ((kkd d coscos θθ + + kks s coscosnn αα) =) =

IIaa kkaa ++ ffattatt IIpp [[kkdd (N • L) + k(N • L) + ks s (R • V)(R • V)nn]]

kkdd diffuse diffuse reflection coeficientreflection coeficient

nn ((SpiegelneigungSpiegelneigung), „), „shininessshininess““ parameterparameter

RR Reflected photon direction vectorReflected photon direction vector

VV ViewerViewer/Camera/Camera direction vectordirection vector
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θ θ

α

L

V

N

R Spiegelrichtung

Beobachtungsrichtung

N
L V

Reflector direction

Camera, Viewer
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..
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Gouraud ShaderGouraud Shader
ll Lambert / Lambert / Phong Phong Illumination ModelIllumination Model

ll Color valuesColor values in in thethe verticesvertices

ll NormalNormal vectorsvectors given bygiven by::

–– FaceFace normalsnormals

–– FaceFace normals averagingnormals averaging

ll Linear Interpolation of Linear Interpolation of ColorColor::

–– AlongAlong the edgesthe edges

–– Along theAlong the „„scanscan--lineslines““

ll Drawback: Drawback: qualityquality

ll Advantage:Advantage: speedspeed
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.. S1

S2

S3

R=t·S1+(1–t)·S2 R'=u·S2+(1–u)·S3

v·R+(1–v)·R'

1. find normal1. find normal vectorsvectors atat cornerscorners andand calculate calculate 
shadingshading ((intensitiesintensities)) therethere

2.2. interpolate intensities along the edges linearlyinterpolate intensities along the edges linearly

3.3. interpolate intensities along scanlines linearlyinterpolate intensities along scanlines linearly
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PhongPhong ShaderShader,, phongphong
ll NormalNormal vectorsvectors likelike GouraudGouraud

ll Linear Linear interpolationinterpolation of normalof normal vectorsvectors

insteadinstead ofof color valuecolor value

ll Color computationColor computation perper pixelpixel

ll Pro: Pro: specular highlightsspecular highlights inin the giventhe given

polygonpolygon renderedrendered correctlycorrectly

ll Con: Con: computationally expensivecomputationally expensive
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phongphong

1. normal1. normal vectorsvectors at at verticesvertices

2.2. interpolateinterpolate normalnormal vectors along the edgesvectors along the edges

3.3. interpolateinterpolate normalnormal vectors along scanlinesvectors along scanlines
andand calculate shadingcalculate shading ((intensitiesintensities)) for every for every 
pixelpixel

S
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Interpolation ProblemsInterpolation Problems

ll PolygonPolygon--SilhouetteSilhouette

ll Interpolations artefactsInterpolations artefacts from the from the 

givengiven „„scanlinescanline“ “ -- directiondirection

–– Orientation dependentOrientation dependent

–– PerspectivePerspective dependentdependent

ll NotNot representativerepresentative vertex normalsvertex normals

ll HintHint:: refinerefine the triangulationthe triangulation

((more complexmore complex modelmodel))
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Rendering Rendering PolygonalPolygonal SceneScene

ll 1.1. ExtractExtract polygonspolygons from the databasefrom the database

ll 2.2. TransformTransform to WC and VRCto WC and VRC

ll 3. 3. Backface cullingBackface culling and and visibilityvisibility

ll 4. Clip 4. Clip against the visible volumeagainst the visible volume

ll 5. 5. ProjectionProjection ofof clipped polygonsclipped polygons

ll 6. 6. Shading by incrementalShading by incremental shadershader::

–– 1. 1. RasterizeRasterize, , 

–– 2. 2. DepthDepth and and visibilityvisibility,  (z,  (z--bufferbuffer))

–– 3. 3. Shading Shading ((constantconstant,, GouraudGouraud, , PhongPhong…)…)
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LocalLocal IlluminationIllumination SummarySummary

ll Empirical shading modelsEmpirical shading models

–– constantconstant,, GouraudGouraud,, PhongPhong......

ll Ambient, diffuse andAmbient, diffuse and specular reflectionspecular reflection

ll Light rays onlyLight rays only

ll PolygonalPolygonal scenesscenes

ll Rendering summaryRendering summary (polygonal (polygonal casecase))

ll MoreMore:: transparencytransparency, , bumpy surfacesbumpy surfaces, , texturestextures, , 

global global illuminationillumination, , animationanimation......
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LocalLocal Illumination OnlineIllumination Online

ll AppletApplet byby Patrick Min atPatrick Min at

ll http://www.http://www.siggraphsiggraph.org/education/materials/.org/education/materials/HH
yperGraphyperGraph//illuminillumin/illum0./illum0.htmhtm

ll http://www.http://www.siggraphsiggraph.org/education/materials/.org/education/materials/HH
yperGraphyperGraph//illuminillumin//vrmlvrml/pellucid.html/pellucid.html

http://www.cs.princeton.edu/~min/cs426/classes/light.html
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Definition ofDefinition of Light SourcesLight Sources

ll PointPoint light sourcelight source

ll Multiple pointMultiple point sourcessources…… areaarea

ll 44 abstract lightsourcesabstract lightsources --
ambient,ambient, directionaldirectional, point,, point, flood flood 

ll intensityintensity//fogfog = I/(a*d*d…*d + b)= I/(a*d*d…*d + b)

ll floodflood:: powerspowers ofof cosinecosine ((PhongPhong))
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Lighting Lighting OptimizationOptimization
(polygonal model, light sources)(polygonal model, light sources)

In: In: RealReal--Time Rendering Time Rendering [Moeller[Moeller--Haines, 1999, pp. 248n]Haines, 1999, pp. 248n]

www.www.realtimerenderingrealtimerendering.com, 2nd edition in the year 2002.com, 2nd edition in the year 2002

–– 1. Is lighting needed? 1. Is lighting needed? 

•• Sometimes, higher constant for ambient light helpsSometimes, higher constant for ambient light helps

•• Alternatives:Alternatives: texturing, texturing, 

•• texturing with texturing with colorscolors at the vertices, at the vertices, 

•• colorscolors at the vertices at the vertices 

•• Example: background polygonExample: background polygon



Visualisation, Rendering & Animation
Heinz Mayer, Franz Leberl, Andrej Ferko

Institut für Maschinelles Sehen und Darstellen
TU Graz

Lighting Lighting OptimizationOptimization 22

–– Light speed constant, unlike lighting speed :Light speed constant, unlike lighting speed :--))

–– Directional light sources, point lights, spot lightsDirectional light sources, point lights, spot lights

–– Directional light source gives normalised vectorDirectional light source gives normalised vector

–– Spot light: inSpot light: in--cone test for vertices, exponential fallcone test for vertices, exponential fall--off off 
from the from the centercenter of the light coneof the light cone

–– GrayGray--scale light source is faster than a scale light source is faster than a coloredcolored light light 
sourcesource

–– The number of light sources The number of light sources 

(some graphics accelerators are (some graphics accelerators are optimizedoptimized for lighting for lighting 
calculations with only one source)calculations with only one source)
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Lighting Lighting OptimizationOptimization 33

–– NonNon--local viewer trick (camera at infinity)local viewer trick (camera at infinity)

–– Simplification of Simplification of specularspecular highlight computationhighlight computation

and environment mapping calculations and environment mapping calculations 

–– Normally, the vector from the eye to the vertex being Normally, the vector from the eye to the vertex being 
illuminated is computed and normalisedilluminated is computed and normalised

–– This is replaced by (0,0,This is replaced by (0,0,--1) or (0,0,1) 1) or (0,0,1) -- if the viewer is if the viewer is 
looking along the positive zlooking along the positive z--axisaxis

–– With directional lights this means that the halfway With directional lights this means that the halfway 
vector h is computed only once for each scenevector h is computed only once for each scene

–– The error (The error (slight shift in the locations of the slight shift in the locations of the specularspecular highlightshighlights) of ) of 
this simplification is not usually not detectablethis simplification is not usually not detectable
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Lighting Lighting OptimizationOptimization 4+4+

–– 4. If the model will be not scaled during 4. If the model will be not scaled during 
rendering all rendering all normalsnormals should be normalised as a should be normalised as a 
preprocesspreprocess

–– 5. Flat shading is faster than the 5. Flat shading is faster than the GouraudGouraud oneone

–– 6. If a non needed lighting is computed for both 6. If a non needed lighting is computed for both 
sides of a polygon then turn this feature offsides of a polygon then turn this feature off

–– 7. If possible, set the material 7. If possible, set the material specularspecular
component to (0,0,0) to component to (0,0,0) to supresssupress the expensive the expensive 
higlighthiglight calculationscalculations
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Lighting Lighting OptimizationOptimization 88
8. If the light sources are static with respect to 8. If the light sources are static with respect to 

geometry, and the polygonal data is attached to a geometry, and the polygonal data is attached to a 
material without material without specularspecular parameters, then the parameters, then the 
diffuse and ambient lighting can be diffuse and ambient lighting can be precomputedprecomputed
and stored as and stored as colorscolors at the vertices. Simple at the vertices. Simple 
shadows can be captured by direct visibility tests shadows can be captured by direct visibility tests 
between lights and vertices. Even the between lights and vertices. Even the radiosityradiosity
can also be can also be precomputedprecomputed and stored as and stored as colorscolors at at 
the vertices or as light maps. the vertices or as light maps. SpecularSpecular (view (view 
dependent) contributions can be added in (no dependent) contributions can be added in (no 
highlights in areas which are in shadow)highlights in areas which are in shadow)……
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BRDFBRDF
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Physically basedPhysically based modelsmodels
ll ModelingModeling

of BRDF:of BRDF:

ll ClassicClassic WaveWave theorytheory

–– Maxwell‘s Maxwell‘s EquationsEquations

–– For For reflective surfacesreflective surfaces

–– RayleighRayleigh--criterioncriterion::

( )
i

r
rriibrdf

E

I
=,, φθφθρ ,

β
λ

sin8
<h
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MicroMicro--facetsfacets modelmodel
ll IdeaIdea:: Distribute many small mirrorsDistribute many small mirrors

atat the object surfacethe object surface

ll Simulation of diffuse ... Simulation of diffuse ... orientedoriented--

diffuse materialdiffuse material propertiesproperties

ll sbrdf GD ρρ =
N   (Flächennormale im Mittel)
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Geometric AttenuationGeometric Attenuation

ri

G
θθ coscos

1=

a) uneingeschränkter Fall

b) Maskierung des reflektierten Lichtes c) Abschattung der einfallenden Lichtstrahlen
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Gauss Gauss DistributionDistribution
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ClosedClosed FormForm

ll

δδ angle angle betweenbetween N and HN and H

ll For For anisotropicanisotropic materialsmaterials::

–– additionaladditional model parametermodel parameter: : 

–– additional variable:additional variable:

( )
2

2

2

,
4

tanexp

coscos

1

πα
α

δ

θθ
ρ

π
ρ

ρ
−

+=
ri

s
d

isobd

yx ααα ,→

φ



Visualisation, Rendering & Animation
Heinz Mayer, Franz Leberl, Andrej Ferko

Institut für Maschinelles Sehen und Darstellen
TU Graz

Illumination ModelsIllumination Models
ll LocalLocal Illumination ModelsIllumination Models

((firstfirst order)order)

–– EmpiricEmpiric Models (Models (feasiblefeasible))

–– PhysicalPhysical Models (Models (possiblepossible,, but expensivebut expensive))

ll Global Illumination ModelsGlobal Illumination Models

(second order)(second order)

–– RayRay--TracingTracing ((photonsphotons))

–– RadiosityRadiosity ((waveswaves, „, „key is the lightkey is the light“)“)



ImageImage--Based RenderingBased Rendering

Heinz Mayer, Andrej FerkoHeinz Mayer, Andrej Ferko
Institut für Maschinelles Sehen und DarstellenInstitut für Maschinelles Sehen und Darstellen
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Movie from StillsMovie from Stills

http://www-sop.inria.fr/robotvis/

personnel/fabad/PhD/index.html

Movie synthesis from still pictures

Layer-structured 3D model 

rendering with view-dependent 

texture mapping



Visualisation, Rendering & Animation
Heinz Mayer, Franz Leberl, Andrej Ferko

Institut für Maschinelles Sehen und Darstellen
TU Graz

CREDITSCREDITS
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made the film)

Inria (his institute)
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this is a film production company)
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Tracking TechnologiesTracking Technologies
ll MainlyMainly positionposition & & orientationorientation

ll Movement freedomMovement freedom

ll Important evaluation criteriaImportant evaluation criteria

–– measuringmeasuring raterate

–– latencylatency timetime

–– precisionprecision

–– resolutionresolution

–– operation extent  operation extent  (& (& appropriate precisionappropriate precision))
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ModelModel--BasedBased--RenderingRendering

The real scene built with geometric objects
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ImageImage--BasedBased--RenderingRendering

Varied views on real scene combined to the new one
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ComparisonComparison

Based on 3D model Based on photos/stills

Expenditure strogly depends Expenditure independent 

on scene complexity from scene complexity

Requires expensive SW Realism depends

for realistic results on input-data only

Special HW necessary Processor suffices

Conventional Pixel projection and

Rendering-Pipeline Pixel interpolation

Model--BasedBased--RenderingRendering ImageImage--BasedBased--RenderingRendering

Special HW necessary Processor suffices

Conventional Pixel projection and

Rendering-Pipeline Pixel interpolation
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View InterpolationView Interpolation
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RecordingRecording SystemsSystems
ll Rotating PlatformRotating Platform

–– CCDCCD--lineslines

–– CCDCCD--cameracamera

–– StereocamerasStereocameras pairpair

ll Panoramas Panoramas fromfrom

ll exponed positionsexponed positions
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Zylinder mit Blickpyramidetexturierter ZylinderZylinder ohne PolygongitterKamerasicht

FromFrom PanoramicPanoramic Images toImages to

lmagelmage SynthesisSynthesis

360° Panoramaaufnahme
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FunctionalityFunctionality

ll Panorama image Panorama image equalizeequalize

ll InnerInner sideside of aof a cylindercylinder panoramapanorama

texturingtexturing

ll Look upLook up from the central axisfrom the central axis

ll Camera rotation: turn andCamera rotation: turn and declinationdeclination

ll ZoomZoom
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Partial ImagesPartial Images OverlapOverlap
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FilteringFiltering--ArtifactsArtifacts 11
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FilteringFiltering--ArtifactsArtifacts 22
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View straightened out

ResultsResults

Polygon boundary
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PanoramicPanoramic Stereo Stereo ImagingImaging

ll UtilizeUtilize a a rotatingrotating stereostereo--cameracamera pair pair 
forfor image image acquisitionacquisition

ll MethodMethod::

–– image image inputinput ((doubleddoubled))

–– projection warpingprojection warping

–– epipolar correctionepipolar correction

–– displacement cdisplacement correctionorrection

ll Stereoscopic visualisationStereoscopic visualisation
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IBRIBR--like  Idealike  Idea

ll Use photographsUse photographs ofof lightsourceslightsources

ll 2001: SIGGRAPH2001: SIGGRAPH Award forAward for PaulPaul

DebevecDebevec

ll IMAGEIMAGE--BASED LIGHTINGBASED LIGHTING

ll wwwwww..debevecdebevec..comcom

ll moviesmovies
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IMAGEIMAGE--BASED LIGHTINGBASED LIGHTING

ll 2001: Paul2001: Paul DebevecDebevec, CVPR 2001 , CVPR 2001 
ShortShort CourseCourse, 3.5, 3.5 hourshours

ll IMAGEIMAGE--BASED LIGHTING:BASED LIGHTING:

ll „„integratingintegrating computercomputer--generated generated 
imagery withimagery with livelive action action 
photography that use photography that use 
measurementsmeasurements of realof real--world world 
lightinglighting toto illuminateilluminate CGCG objectsobjects““
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IBLIBL SurveySurvey

ll HighHigh--dynamic range imagesdynamic range images HDRIHDRI

ll lighting acquisitionlighting acquisition (M.(M. GrossGross))

ll IBL andIBL and compositingcompositing

ll realreal--timetime techniquestechniques

ll software (software (RadianceRadiance, Maya...) and, Maya...) and

researchresearch
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RenderingRendering && LightingLighting SimulationSimulation

SummarySummary
ll PointPoint lightsourcelightsource .. Photographs.. Photographs

ll Radiance approachRadiance approach

ll IBLIBL ideaidea

ll Out ofOut of standard textbooksstandard textbooks .. IBL.. IBL

ll Computationally very expensiveComputationally very expensive

ll http://www.http://www.debevecdebevec.com.com

ll HOT research topic: conference HOT research topic: conference 
paperspapers



Visibility & IlluminationVisibility & Illumination
in images by Alan Wattin images by Alan Watt

Compiled by permission byCompiled by permission by A. FerkoA. Ferko

Institute Institute forfor Computer Graphics and VisionComputer Graphics and Vision

TU Graz, Wintersemester 2001/2002TU Graz, Wintersemester 2001/2002
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Reference and PermissionReference and Permission

ll [Watt00] WATT, A. 2000.[Watt00] WATT, A. 2000. ThreeThree--Dimensional Dimensional 
Computer Graphics. Computer Graphics. Third edition.  New York: Third edition.  New York: 
AddisonAddison--Wesley 2000. Wesley 2000. -- Accompanying CD by Accompanying CD by 
Pearson Education Ltd. 2000. ISBN 0Pearson Education Ltd. 2000. ISBN 0--201201--
398559.398559.

ll Copyright 1997 A. Watt and L. CooperCopyright 1997 A. Watt and L. Cooper

ll Permission to copy without fee any or all of this Permission to copy without fee any or all of this 
material is granted, provided that the copies are material is granted, provided that the copies are 
not made or distributed for direct commercial not made or distributed for direct commercial 
advantage, the copyright notice and title of the advantage, the copyright notice and title of the 
image(s) appear and notice is given that image(s) appear and notice is given that 
copying is by permission of the copyright copying is by permission of the copyright 
holder. To copy otherwise, or to republish, holder. To copy otherwise, or to republish, 
requires specific permission.requires specific permission.



Basic Basic Rendering Rendering 

OptionsOptions

by A. Watt (2000)by A. Watt (2000)

selection and layout A. F. (2002)selection and layout A. F. (2002)
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Main SceneMain Scene

ll Orthographic projection and the nearest perspective viewOrthographic projection and the nearest perspective view
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ll WireframeWireframe, hidden line removal, and hidden line from above, hidden line removal, and hidden line from above
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ll Front and back clip planes, using front clip to see inside geomeFront and back clip planes, using front clip to see inside geometrytry
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ll FOV varying from 20 to 160 degrees (8 images)FOV varying from 20 to 160 degrees (8 images)
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ll Phong Phong shaded scene: ambient, shaded scene: ambient, ambamb.+diffuse, .+diffuse, ambamb.+diff.+.+diff.+specularspecular
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ll Flat, Flat, GouraudGouraud, and , and PhongPhong shaded sceneshaded scene
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ll Flat, Flat, GouraudGouraud, and , and PhongPhong shaded scene shaded scene --

zoom inzoom in



Material Material RealismRealism

by A. Watt (2000)by A. Watt (2000)

selection and layout A. F. (2002)selection and layout A. F. (2002)
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ll Flat, Flat, GouraudGouraud, and , and PhongPhong shaded scene shaded scene -- zoom inzoom in
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ll Materials used (5*5 array)Materials used (5*5 array)

ll ironiron steel     stainless steelsteel     stainless steel machine steel        antique machine steel        antique 
brassbrass

ll polished brasspolished brass copper           bronze            nickelcopper           bronze            nickel zinczinc

ll leadlead cast cast aluminiummachinedaluminiummachined aluminium    magnesiumaluminium    magnesium goldgold

ll

ll burnished gold burnished gold polished goldpolished gold silversilver silver platesilver plate tungstentungsten

ll platinumplatinum chromium chromium plate     graphitechromium chromium plate     graphite mercurymercury
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ll Difference of polished brass & gold ...Difference of polished brass & gold ...

ll … hard to achieve by … hard to achieve by Phong Phong shadingshading



5.5.

LightLight--Material InteractionMaterial Interaction
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ContentsContents

5. 5. LightLight -- Material InteractionMaterial Interaction

–– Shadow generationShadow generation

•• GeneralGeneral

•• ImageImage Precision MethodsPrecision Methods

•• Object Precision Methods Object Precision Methods 

•• ShadowShadow VolumesVolumes

•• „„ShadowsShadows play aplay a subtlesubtle & vital& vital rolerole inin our visual perceptionour visual perception of of 
anan environmentenvironment“ (Watt&Watt, p. 155)“ (Watt&Watt, p. 155)
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ShadowShadow GenerationGeneration
ll NextNext improvementimprovement of of realismrealism

ll LocalLocal illumination modelsillumination models

–– Visibility algorithmsVisibility algorithms forfor lightsourceslightsources

–– ObjectObject/Image/Image precisionprecision

–– Point/Point/Area light sourcesArea light sources

–– ModificationModification of of the illumination modelthe illumination model::
I = I = IIaa kkaa + + ∑∑ SSii ffattatt IIpp [[kkdd (N • L) + k(N • L) + ks s (R • V)(R • V)nn]]

ll Global Global iIlumination modelsiIlumination models: : shadows shadows 
solved implicitlysolved implicitly
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Umbra/Penumbra Umbra/Penumbra EffectEffect

Umbra
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Methods ClassificationMethods Classification
ll ExplicitExplicit shadow generationshadow generation::

–– Scanline Scanline IntegrationIntegration

–– Transformation &Transformation & Clipping based methodClipping based method

–– Shadow VolumesShadow Volumes

ll ImplicitImplicit shadow generationshadow generation::

–– RayRay TracingTracing

–– RadiosityRadiosity
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Scanline Scanline IntegrationIntegration
PrinciplePrinciple::

–– Standard „Standard „ScanlineScanline“ “ algorithmalgorithm

–– ProjectionProjection of all „of all „shadow polygonsshadow polygons““

–– Solving intersectionsSolving intersections::

Scanline Scanline -- shadow polygonsshadow polygons

PitfalsPitfals::

–– pointpoint light sources only light sources only 

–– polygonalpolygonal scene model onlyscene model only
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RecallRecall: z: z--BufferingBuffering
ll Object visibility Object visibility 

ll StoreStore the depth informationthe depth information per per pixelpixel

(additional(additional bufferbuffer))

ll Compare theCompare the zz--valuevalue against theagainst the actualactual

oneone (z(z00 << zzDD):):

–– zz00 < < zzDD:: rewrite the pixelrewrite the pixel in „in „colorcolor--bufferbuffer“ “ 

and and depth informationdepth information in „in „depthdepth--bufferbuffer“ “ 

–– zz00 ≥≥ zzDD:: pixelpixel//color given by anothercolor given by another scenescene

point point 
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22--stepstep zz--bufferbuffer MethodMethod
AlgorithmAlgorithm::

1.) z1.) z--Buffer Buffer algorithmalgorithm withwith positionposition ofof the the 

lightsource lightsource (z(z--bufferbuffer = = shadowshadow--mapmap))

2.) 2.) SceneScene rendered fromrendered from camera positioncamera position

•• ShadingShading withwith the known methodthe known method (i. e.: (i. e.: PhongPhong))

•• TransformTransform toto the lightsource coordinatethe lightsource coordinate system system 

(x(x00, y, y00, z, z00 -->  >  xx00‘, y‘, y00‘, z‘, z00‘)‘)

•• zzLL ((shadowshadow--mapmap) < z) < z00‘‘ =>=> thethe ambient ambient term term 

else  else  =>=> cumcummulativemulative modelmodel

•• VisibilityVisibility using theusing the zz--bufferbuffer (z(z00),), asas wellwell
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z-Buffering Iz-Buffering I

shading (polygon fill)shading (polygon fill)

depth-bufferdepth-buffer color-buffercolor-buffer

depth-buffer

(shadow-map)

depth-buffer

(shadow-map)

z0´ < zL?
z0´ < zL?

(x0, y0, z0) -> (x0´, y0´, z0´)
(x0, y0, z0) -> (x0´, y0´, z0´)

(x, y)(x, y) z0 < zD?z0 < zD?

II

IIII
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PostprocessingPostprocessing AlternativeAlternative
ll AlgorithmAlgorithm::

–– executeexecute zz--bufferbuffer algorithmalgorithm withwith lightsource lightsource 

positionposition (z(z--bufferbuffer == shadowshadow--mapmap))

–– runrun zz--bufferbuffer withwith camera position camera position 

–– forfor all all pixelspixels: : 

zzLL ((shadowshadow--mapmap) < z) < z00‘ =>‘ => darken color value darken color value 

ll Pro: HWPro: HW implementationimplementation possiblepossible

ll Con: HighlightsCon: Highlights--artifactsartifacts



Visualisation, Rendering & Animation
Heinz Mayer, Franz Leberl, Andrej Ferko

Institut für Maschinelles Sehen und Darstellen
TU Graz

z-Buffering

I

z-Buffering

I

depth-buffer

(shadow-map)

depth-buffer

(shadow-map)

color-buffercolor-buffer

z0´ < zL?
z0´ < zL?

Lightsource position

z-Buffering

II

z-Buffering

II

depth-bufferdepth-buffer

color-buffercolor-buffer

Viewer position - visibility
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SummarySummary

Problems:Problems:

–– numeric instabilitynumeric instability,  e. g. ,  e. g. with the with the 
postprocessingpostprocessing alternativealternative

–– no no selfself--shadowingshadowing enabledenabled

–– HintHint: „: „percentage closer filteringpercentage closer filtering““

–– multiple multiple shadows computationsshadows computations perper pixel pixel 

More light sourcesMore light sources::

–– multiple „multiple „shadowshadow--mapsmaps““



Visualisation, Rendering & Animation
Heinz Mayer, Franz Leberl, Andrej Ferko

Institut für Maschinelles Sehen und Darstellen
TU Graz

ObjectObject--precisionprecision MethodMethod
AlgorithmAlgorithm::

–– TransformTransform toto the lightsource coordinatesthe lightsource coordinates

–– ObjectObject--precisionprecision visibility algorithmvisibility algorithm

–– CombinationCombination ofof the geometriesthe geometries

•• OriginalOriginal modelmodel forfor ambientambient lightlight

•• Visible geometryVisible geometry forfor cummulative modelcummulative model

–– Scene renderingScene rendering

•• any camera positionany camera position (no(no new computationnew computation))

•• visibility either as shadowvisibility either as shadow--computationcomputation oror HWHW--

orientedoriented (z(z--bufferingbuffering))
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ConfrontationConfrontation
ll ImageImage precision approachprecision approach

–– HWHW--orientedoriented (z(z--BufferingBuffering))

–– simple (simple (standardstandard)) comutationcomutation

–– Aliasing doubledAliasing doubled

ll Object precision approachObject precision approach

–– partlypartly HWHW--orientedoriented

–– complex computationscomplex computations

–– no no new cost for moving cameranew cost for moving camera//viewerviewer
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Shadow VolumesShadow Volumes

PrinciplePrinciple::

–– Silhouette ofSilhouette of the object stretchesthe object stretches with with 

the rays from the lightsourcethe rays from the lightsource aa volumevolume

–– Shadows are intersectionsShadows are intersections ofof polygonspolygons

withwith thethe „„shadow volumeshadow volume““

–– Mixed imageMixed image--//objectobject--precisionprecision methods methods 

forfor practical conversionpractical conversion
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StencilStencil Buffer RealisationBuffer Realisation
AlgorithmAlgorithm::

–– 1. Polygon 1. Polygon representationrepresentation::

•• colorcolor--bufferbuffer: ambient: ambient partpart

•• zz--bufferingbuffering

–– SilhouetteSilhouette--polygon representationpolygon representation

•• stencilstencil--bufferbuffer: front: front--facesfaces incrementsincrements, back, back--

faces decrementsfaces decrements ((stencilstencil = die Schablone)= die Schablone)

•• representation usingrepresentation using zz--bufferbuffer comparisoncomparison

–– 2. Polygon 2. Polygon rendering rendering 

•• colorcolor--bufferbuffer: : overlayoverlay of of remainingremaining termterm

•• renderingrendering withwith stencilstencil--bufferbuffer comparisoncomparison
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More ShadowsMore Shadows

Shadows fromShadows from transparenttransparent objectsobjects

AntialiasedAntialiased softsoft shadowsshadows

Watt & Watt (1992), pp. 155Watt & Watt (1992), pp. 155--177177
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