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Announcements

» No new homework assignment for this Friday
» Homework assignment #4 due Friday, Oct 29
To be presented between 2-4pm in lab 260
» Late submissions for project #3 accepted until this Friday
» Midterm exam: Thursday, Oct 21, 2-3:20pm,WLH 2005

» Midterm tutorial: Tuesday, Oct 19, noon-1:45pm, Atkinson
Hall, room 4004

Tutors: Jurgen and Phi

We will have blank index cards for everybody

» Phi’s office hours on Oct 19 and 21 are cancelled



Lecture Overview

» Shader programming

Fragment shaders
GLSL

» Texturing
Overview

Texture coordinate assighment

Anti-aliasing



Fragment Programs

. Fragment data
S eretamation Interpolated vertex attributes,
additional fragment attributes

Projection

|Fragment processing‘

From rasterizer

Frame-buffer access
(z-buffering) i

Uniform parameters Fragment

OpenGL state, |:> TR

application specified pros

parameters To fixed framebuffer

access functionality
(z-buffering, etc.)

Fragment color,
depth



Types of Input Data

Fragment data
Change for each execution of the fragment program

Interpolated from vertex data during rasterization,
varying variables

» Interpolated fragment color, texture coordinates

» Standard OpenGL fragment data accessible through
predefined variables

varying vec4 gl_Color;
varying vecéd4 gl_TexCoord[ ];
etc.

» Note varying storage classifier, read-only
» User defined data possible, too



Types of Input Data

Uniform parameters

» Same as in vertex shader

» OpenGL state

» Application defined parameters

Use glGetUniformLocation, glUniform* in
application



Output Variables

» Predefined outputs
gl_FragColor
gl_FragDepth
» OpenGL writes these to the frame buffer
» Result is undefined if you do not write these variables



“Hello World” Fragment Program

» main () function is executed for every fragment
» Use predefined variables

» Draws every pixel in green color

vold main ()

{
gl_FragColor = vec4(0.0,1.0,0.0,1.0);



Examples

» Fancy per pixel shading
Bump mapping
Displacement mapping
Realistic reflection models
Cartoon shading

Shadows

» Most often, vertex and fragment shaders work together
to achieve a desired effect




Fragment Programs

Limitations
» Cannot read frame buffer (color, depth)

» Can only write to frame buffer pixel that corresponds to
fragment being processed

No random write access to frame buffer

» Limited number of varying variables passed from
vertex to fragment shader

» Limited number of application-defined uniform
parameters
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Lecture Overview

» Shader programming
Fragment shaders
GLSL
» Texturing
Overview
Texture coordinate assighment

Anti-aliasing
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GLSL Main Features

» Similar to C language

» attribute, uniform, varyling storage
classifiers

» Set of predefined variables
Access per vertex, per fragment data
Access OpenGL state

» Built-in vector data types, vector operations
» No pointers

» No direct access to data, variables in your C++ code
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Per-pixel Diffuse Lighting

// Vertex shader, stored in file diffuse.vert
varying vec3 normal, lightDir;
void main ()

{

lightDir = normalize(vec3(gl_LightSource[0].position));
normal = normalize(gl_NormalMatrix * gl_Normal) ;
gl_Position = ftransform();

// Pixel shader, stored in file diffuse.frag
varying vec3 normal, lightDir;
void main ()

{
gl_FragColor =
gl_LightSource[0] .diffuse *
max (dot (normalize (normal), normalize(lightDir)),0.0)

gl_FrontMaterial.diffuse;
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GLSL Quick Reference
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Guide

OpenGL® Shading Language (GLSL)

Quick Reference Guide

Describes GLSL version 1.10, as included in OpenGL +2.0, anc specified by

"The OpenGLE Shacing Languags”, version 1.10.59. Section and page
numMDers refer o that varsion of the spe:.

BUILT-IN FUNCTIONS

Ky

vec =veck | vec3 | vecd

genTyoe = Mual | veck | vecd | vecd

atz | matd | matd
veel | ivec? | ivecd
bvec? | bvec3 | bvecd

DATA TYPES (4.1 p16)

float, vecl. vec3, vacd

int, ivec2, ivecd, ivacd

bool, bveck, bvecd, bvecd

matl, mati, mat4

vaoid

sampler1n, sampler? N, samplerin
samplerCube

sampleriDshadyw, samolerlDsradow

DATA TYPE QUALIFIERS (4.3 p22)

global variable declarations:

uniform input tn Verfey and Fragment shader from Opentl or
application (READ-DHLT)

attribuze  INpUt per-vertex to Veriex shader from JpetGL or
application (READ-OHLY)

varying output from Vertex shader (READ/WRITE), interpolazed,
than input to Fragment shader (READ-OHLY]

const compile-time constant (READ-OHLY)

function parameters:

in value initialized on entry, rot copied or return (default)
out copied out on retumn, but not initialized

inout value initialized on entry, znd copisd out on return
const constant function input

VECTOR COMPOMEMTS (5.5 p 30)

COMPORENT NAMES May oL e MIXed across sets
XY, LW
ek a
steg

PREPROCESSOR (3. 3p9)
#

#define __LME__
Fundef __FILE__

#ir __VERSIOH__
#ifdef

#ifndef

#pragma
#line

GLSL version declaration and extensions protozol:
Fversion
default is "Fversion 110" (3.3 pi1)
#extension {name | all}: {requi-e | enable | wam | disasle}
defaull is "Fealeizion all ; disable” (3.3 pi1)

Anglz and Trigonometry Functions (8.1 p51)

genType
genType
genType

genType
penType
genType
genType

genType
genlype

sinl genTyps )
cos| genTyEe )
tan{ genTyre )

asin( genType )
aus( genType )
atan( genType, genType )
atan( genType |

radians| genType )
degrees| genlype )

Expenential Functions (8.2 p532)

genlype
genTvpe
genType
genType
genType
genType
genType

Common
genType
genType
genType
genType
genType
genType
genType
genType
genType
genlype
genTvpe
genType
genType
genType
genType
genTyne
genType
penType
genTvpe

powi genlype, genliype )
expi genType |

log genType )

exp2{ genType |

log2( genType )

sgrz( genType }
inversesqrt genTyps )

Functions (8.3 p52)

abs( genTyre )

ceill genType )

clamp( genType, geType, genType |
clamp( genType, float, float)

Tloor( genType |

fract( genTvpe |

max( genType, genType )

max{ genType, float )

mir{ genType, genType )

mmir{ genlype, float )

mix( genType, genType, genType )
mix{ genType, genType, flost )

mod{ genType, genType )

modi genType, float )

sign( genType }

smonthitenl genTyre, g=nTyne, genTyne )
smoothstep float, float, genType )
slepl genType, genType )

step( float, genType )

Goometric Functions (8.4 p54)

vecd
vecd
float
float
genType
float
genType
genType
genType

ftraxsform() Vertex ONLY

Cross{ vecs, vecs )

distance( genType, genType |

dot{ genType, genType )

faceforward] genType V, genType |, genType M }
length( genType )

normalize| genType |

reflect{ genType I, ganType N )

refracti genType |, genType N, float et |

Fragment Processing Functions (8.8 p58) Fraement ONLY

genType
gonType
genType

dFcx( genType |
dFey( genType |
fwidthi genType )

Matrix Functions (8.5 p33)
mat matrixCompMult{ mat, mat )

Vector Relational Functions (8.6 p37)
baoal alli bvec )

bool any( bvec |

bvoe cqual( veg, vee )

bvec equal|ivec, ivec )

bvet equall bvec, brec |

bvec grzaterThan( vec, vec |

bvec grzaterThan( ivec, ivec )

e gieala ThanEgual( veo, ved )
bvec grzaterThanEqual( ivec, fvec )
bvec lessThan( vec, vec )

buwse lessThani ivec, fvec )

bvec lessThanEquali vec, vec )
bvee lessThanEquali tvec, tves )
bvec not( bvec )

bvec notEqual( vec, vec

bvoe b =]

bvec notEqual( svec, bvec )

Texture Lockup Functions {8.7 p5&)

Optiona! bias term is Fragment ONLY

vect tecturelDi sampleriD, float [,fioat oias] )
vecd tecture1DProi( sampleriD, vect [,float bigs)
vecd tecture1DProj( sampleriD, vec< [, float bias)

vecd tecture2Di sampler2D, vecl [, float bias] )
vecd tecture2DProj( sampler2D, vecs [, float bias)
wverd techre? Proj{ sampler?D, vecd [ flnat hiag)

wvecd testuredDi samplerdD, vec) [,float bias] )
vecd tecture3DProj( samplerdD, vec< [, float bias)

'

wecd textureCube( samplerCube, vecl [ float bias] §

vect shadowlDi sampleri DSiadow, vecs [,fleat tias] )
vecd shadow2D( samplerZDSadow, vec3 [, float Ligs] )
vecd shadow1DProj( sarpleriDShadow, vecd [, float Lias] )
wecd shadow2DProj{ sampler2DShadow, vec [ fleat Eias] )

Texture | nckup Functions with 1 OD (R.7 pSA)

Vertex ONLY; ensure GL_MAX_VERTEX_TEXTURE_IMAGE_UNITS > 0
wveud Leslure1DLlod( samoalen 1D, Mual, Mual fod )

vecd tecturel1DProjlod( sampleriD, vecZ, float led )

vecd tecturelDProjlod( sampleriD, vecd, float led )

vecd tecture2Dlod( samoaler?D, vecZ, float lod )

vect tectureZDProjlod( samplerD, vecs, float icd )
vecd tecture2DProjlodi samplerlD, vecd, float lod )
vecd tecture3DProjlod( sampleriD, vecd, float led )

8

vecd tectureCubelod( samplerCube, vecd, float iod )

wverd shadmed D od( samaleriDSFadow, vaed, flnat lod )
vecd shadow2Dlod( samoaler?DSkadow, vac3, float lod )
wvecd shadow1DProjlod( samoleri DShadow, vecd, floet lod )
vecd shadowZDProjlod( sampleriD5hadow, vecd, float lod )

MNoise Functions (8.9 p6d)
float ncise1{ genType )
vecl naoisel| genType )
vec) naoise3| genType )
wverd nnised| ganTyne )




GLSL Quick Reference Guide
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VERTEX SHADER VARIABLES

Special Qutput Variables (7.1 p42) access=RW
vecd gl_Position;

float gl_PointSize;
vecd gl_ClipVertex;

shader must write
enable GL_VERTEX_PROGRAM_POINT_SIZE

Attribute Inputs (7.3 p44) access=R0
attribute vecd gl_Vertex;

attribute vecd gl_Hormal;

attribute vecd gl_Color;

attribute vecd gl_SecondaryColor;
attribute vecd gl_MultiTexCoord0;
attribute vecd gl_|
attribute vecd gl
attribute vecd gl_|
attribute vecd gl_|
attribute vecd gl
attribute vecd gl_|
attribute vecd gl_MultiTexCoordT;
attribute float gl_FogCoord;

Varying Outputs (7.6 p48) access=RW
varying vecd gl_FrontColor;

wvarying vecd gl_BackColor; enable GL_VERTEX_PROGRAM_TWO_SIDE

warying vec4 gl_FrontSecondaryColor;

warying vecd gl_BackSecondaryColor;

warying vecd gl_TexCoord[ ]; MAX=gl_MaxTextureCoords
varving float gl FozFrazCoord:

FRAGMENT SHADER VARIABLES

Special Output Variables (7.2 p43) access=RW
vecd gl_FragColor;

vecd gl_FragData[gl_MaxDrawBuffers];

float gl_FragDepth; DEFAULT=glFrogCoord.z

Varying Inputs (7.6 p48) access=R0
wvarying vecd gl_Color;

warying vecd gl_SecondaryColor;
varying vecd gl_TexCoord[ 1;
wvarying float gl_FegFragCoord;

Ma¥=gl_MaxTextureCoords

Special Input Variables (7.2 p43) access=R0
vecd gl_FragCoord; pixel coordinates
bool gl_FrontFacing;

BUILT-IN CONSTANTS (7.4 p44)

const int gl_MaxVertexUniformComponents;
const int gl_MaxFragmentUniformComponents;
const int gl_MaxVertexAttribs;
const int gl_MaxVaryingFloats;
const int gl_MaxDrawBuffers;
const int gl_MaxTextureCoords;
const int gl_MaxTextureUnits;
const int gl_MaxTexturelmageUnits;

const int gl_MaxVertexTexturelmagelnits;
const int gl_MaxCombinedTexturelmageUnits;
const int gl_MaxLights;

const int gl_MaxClipPlanes;

BUILT-IN UNIFORMs (7.5 p45) access=R0O

uniform
uniform
uniform
uniform

uniform
uniform
uniform
uniform

uniform
uniform
uniform
uniform

uniform
uniform
uniform
uniform

uniform

rmatd
rmatd
matd
matd

rmatd
matd
rmatd
rmatd

rmatd
rmatd
matd
matd

rmatd
matd
rmatd
rmatd

mat3

uniform float

gl_ModelViewMatrix;
gl_ModelViewProjectionMatrix;
gl_ProjectionMatrix;
gl_TextureMatrix[gl_MaxTextureCoords];

gl_ModelViewMatrixlnverse;
gl_ModelViewProjectionMatrixlnverse;
gl_ProjectionMatrixlnverse;
gl_TextureMatrixinverse[gl_MaxTextureCoords];

gl_ModelViewMatrixTranspose;
gl_ModelViewProjectionMatrixTranspose;
gl_ProjectionMatrixTranspose;
gl_TextureMatrixTranspose[gl_MaxTextureCoords];

gl_ModelViewMatrixlnverseTranspose;
gl_ModelViewProjectionMatrixlnverseTranspose;
gl_ProjectionMatrixlnverseTranspose;
gl_TextureMatrizinverseTranspose[gl_MaxTextureCoords];

gl_HormaliMatrix;
gl_HormalScale;

struct gl_DepthRangeParameters {
float near;
float far;
float diff;

%

uniform gl_DepthRangeParameters gl_DepthRange;

struct gl_FogParameters [

vecd color;

float density;

float start;

float

float scale;

end;

uniform gl_FogParameters gl_Fog;

struct gl_LightSourceParameters {
ambient;

diffuse;

specular;

position;

halfVector;
spotDirection;
spotExponent;
spotCutoff;
spotCosCutoff;
constantAttenuation;
linearAttenuation;
quadraticAttenuation;

vecd
vecd
vecd
vecd
vecd
vecd
float
float
float
float
float
float
ki

uniform gl_LightSourceParameters gl_LightSource[gl_MaxLights];

struct gl_LightModelParameters {
vecd ambient;

L
uniform gl_LightModelParameters gl_Lightiodel;

struct gl_LightModelProducts {
wecd scenelolor;
h
uniform gl_LightMode|Products gl_FrontLightModelProduct;
uniform gl_LightModelProducts gl_BackLightiodelProduct;

struct gl_LightProducts {
vecd ambient;
vecd diffuse;
vecd specular;
L
uniform gl_LightPreducts gl_FrontLightProduct[gl_MaxLights];
uniform gl_LightPreducts gl_BackLightProduct[gl_MaxLights];

struct gl_MaterialParameters {
vecd emission;
vecd ambient;
vecd diffuse;
wecd specular;
float shininess;
ki
uniform gl_MaterialParameters gl_FrontMaterial;
uniform gl_MaterialParameters gl_BackMaterial;

struct gl_PointParameters {
float size;
float sizeMin;
float sizeMax;
float fadeThresholdSize;
float distanceConstantAttenuation;
float distancelineardttenuation;
float distanceQuadraticAttenuation;

ulnifurrn gl_PointParameters gl_Point;
uniform vecd gl_TextursEnvColor[gl_MaxTextureUnits]; (1)
uniform vecd gl_ClipPlane[gl_MaxClipPlanes];

uniform vecd gl_EyePlaneS[gl_MaxTextureCoords];
uniform vecd gl_EyePlaneT[gl_MaxTextureCoords];
uniform vecd gl_EyePlaneR[gl_MaxTextureCoords];
uniform vecd gl_EyePlane([gl_MaxTextureCoords];

uniform vec4 gl_ObjectPlaneS[gl_MaxTextureCoords];
uniform vecd gl_ObjectPlaneT[gl_MaxTextureCoords];
uniform vecd gl_ObjectPlaneR[gl_MaxTextureCoords];
uniform vecd gl_ObjectPlaneQ[gl_MaxTextureCoords];

OpenSceneGraph Preset Uniforms
as of 05G 1.0

int osg_Frametlumber;

float osg_FrameTime;

float osg_DeltaFrameTime;

matd osg_ViewMatrix;

matd osg_ViewMatrixlnverse;

Fine print / disclaimer

Copyright 2005 Mike Weiblen http://mew.cx/

Please send feedback/corrections/comments to glsl@mew cx
OpenGL is a registerad trademark of Silicon Graphics Inc_

Except as nated below, if discrepancies between this guide and the
GLSL specification, belisve the spec!

Revised 2005-11-2¢

Notes
1. Corrects a typo in the OpenGL 2.0 specification




Tutorials and Documentation
» OpenGL and GLSL specifications

» GLSL tutorials

» OpenGL Programming Guide (Red Book)
» OpenGL Shading Language (Orange Book)
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Lecture Overview

» Shader programming
Fragment shaders
GLSL
» Texturing
Overview
Texture coordinate assighment

Anti-aliasing
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Large Triangles

Pros:

» Often sufficient for simple
geometry

» Fast to render
Cons:
» Per vertex colors look bad

» Need more interesting surfaces

Detailed color variation, small
scale bumps, roughness

18



Texture Mapping

» Attach textures (images) onto
surfaces

» Same triangle count, much more
realistic appearance
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Texture Sources

» Take photographs

» Paint directly on surfaces with a A
3D modeling program (Maya, 3ds = N
Max, Blender, etc.) ‘

N

» Use existing images from disk Images by Paul Debec

PaintEffects | Cioth | Fuids | Fu |Cunn\PdW'“|b0|

HDD@L'O@thbﬁﬂﬁitiiﬁﬂ%§§>ﬂ
?j\. Poly Twmgsdz% o Help
BEO

5 i i EIFIE \‘\’\ al[<dfedl
0 [iw0 I= | [soo0 w [NoChaacierSel w0 |
_E

T |

Texture painting in Maya



Texture Mapping

» Goal: assign locations in texture to
locations on 3D geometry (1,1)
» Introduce texture space

Texture pixels (texels) have texture
coordinates (u,v)

» Convention

Bottom left corner of texture is at

(,v) = (0,0) 00 :

Top right corner is at (u,v) = (1,1) v
Texture space

21



Texture Mapping

» Store texture coordinates at each triangle vertex

\4!
(u,v) = (0.65,0.75)

(1,1)

Yo
(u,v) =(0.6,0.4)

v, t
(u,v) =(0.4,0.45)

Triangle (in any space before projection)
(0,0)

S
22 Texture space



Texture Mapping

» Each point on triangle has barycentric coordinates o, [3, ¥

» Use barycentric coordinates to interpolate texture
coordinates

Vi

(u,v) = (0.65,0.75) a { 0.6] e [ 0.65] +7[ 0.4

(1,1)
0.4 0.75 0.475 ] \

Yo
(u,v) = (0.6,0.4) t

\p)
(u,v) = (0.4,0.45)

Triangle (in any space before projection) -0 s

23 Texture space




Texture Mapping

» Each point on triangle has corresponding point in texture

Vi (171)
(u,v) = (0.65,0.75)

Vo
(u,v) =(0.6,0.4)

\p)
(1,v) = (0.4,0.45) 00
Triangle (in any space before projection)( 9 s

24 Texture space



Rendering

» Given
Texture coordinates at each vertex

Texture image

» At each pixel, use barycentric coordinates to interpolate
texture coordinates

» Look up corresponding texel
» Paint current pixel with texel color

» All computations are done on the GPU

25



Texture Mapping

Primitives

Modeling and viewing
transformation

Shading
i B
Projection

Y ey

Rasterization
= =

Fragment processing
-

Frame-buffer access
(z-buffering)

1



Rendering

Linear interpolation in image space does not
correspond to linear interpolation in 3D

Need to do perspectively correct interpolation!

Linear interpolation Perspectively correct
in image coordinates interpolation

I
U 03



Perspectively Correct Interpolation

» Point in image space with barycentric coordinates a, 3, Y

» Triangle vertices with homogeneous coordinates

Qs by, Cuy

1 1 1 1

—=a—+ 0=+

w w bw w

U a b, Cy

—=a— + [—+v7—

w w bw w
w1

v=o'w

» Same for v texture coordinate

28



Texture Look-Up

» Given interpolated texture coordinates (u, v) at current
pixel

» Closest four texels in texture space are at

(U(), UO)) (ula U()), (uh UO)? (ula vl)
» How to compute pixel color!?

w4

|
|
v | @
|
R
Up u Up
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Nearest-Neighbor Interpolation

» Use color of closest texel

| |
V]~
| |
: :
U
| \I
Up —4-———— -
() u Uup

» Simple, but low quality and aliasing

30



Bilinear Interpolation

I. Linear interpolation horizontally

U — Uy
W, =
U — Ug
ey = tex(ug,vg)(l — wy) + tex(ur,vy)wy,
¢t = tex(ug,v1)(l —wy) + tex(ur,vi)w,
| |
U1 —H——
G
| |
| |
(V) i @ i

31



Bilinear Interpolation

I. Linear interpolation horizontally

U — Uy
W, —

Up — Ug
ey = tex(ug,vg)(l — wy) + tex(ur,vy)wy,
¢t = tex(ug,v1)(l —wy) + tex(ur, vy)w,y

2. Linear interpolation vertically
UV —

Wy —
U1 — Vo

c = (1 —w,) + qw,

32




Basic Shaders for Texturing

// Need to initialize texture using OpenGL API calls.

// See base code.

// Vertex shader
void main ()

{

gl_Position = ftransform();

// Fragment shader
uniform sampler2D tex;

void main ()

{
gl_FragColor = textureZ2D(tex, gl_TexCoord[0].st);

33



Tiling
» Image exists from [0,0]x[1,1] in texture space

» (u,v) texture coordinates may go outside that range

» Tiling and wrapping rules for out-of-range coordinates

34



Tiling
» Repeat the texture

Seams, unless the texture lines up on the edges

Texture Space

35
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Clamping
» Use the edge value everywhere outside the data
» Or, ignore the texture outside 0-|

S KB

36 Texture Space



Mirroring

» Flip left-to-right and top-to-bottom
All the edges line up

@ © O
e o ol

\)

Texture Space
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Lecture Overview

» Shader programming
Fragment shaders
GLSL
» Texturing
Overview
Texture coordinate assighment

Anti-aliasing
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Texture Coordinate Assignment

Surface parameterization

» Mapping between 3D positions on surface and 2D
texture coordinates
In practice, defined by texture coordinates of triangle vertices

» Various options to establish a parameterization
Parametric mapping
Orthographic mapping
Projective mapping
Spherical mapping
Cylindrical mapping
Skin mapping

39



Parametric Mapping

» Surface given by parametric functions

:lj':f(U,U) y:f(u,v) z:f(u,v)

» Very common in CAD

» Use (u,v) parameters as texture coordinates

40



Orthographic Mapping

» Use linear transformation of object’s xyz coordinates

» For example

T
w] [1000]]y
{v]_[OlOO] 2
w
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Projective Mapping

» Use perspective projection of xyz coordinates

OpenGL provides GL_TEXTURE matrix to apply
perspective projection on texture coordinates

» Useful to achieve “fake” lighting effects

42



Spherical Mapping

» Use, e.g., spherical coordinates for sphere
» Place object in sphere

» “shrink-wrap” sphere to object

43



Cylindrical Mapping

» Similar as spherical mapping, but with cylilnder
» Useful for faces

44



Skin Mapping

» Complex technique to unfold surface onto plane
» Preserve area and angle
» Sophisticated mathematics

45



Lecture Overview

» Shader programming
Fragment shaders
GLSL
» Texturing
Overview
Texture coordinate assighment

Anti-aliasing
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L

h___._
WW
IR

xample for Aliasing
» What causes this!?

TN
r




Aliasing

Sufficiently
sampled,

no aliasing T 1 T T T T T T 1‘

) Powt syl within 6w Nyquink imit

Insufficiently
sampled, - SV M
aliasing I 111 ] P o1

High frequenc1es in the input data appear as
low frequencies in the sampled signal
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Antialiasing: Intuition

» Pixel may cover large area on triangle in camera space

Image plane Camera space

“Pixel area

49



Antialiasing: Intuition

» Pixel may cover large area on triangle in camera space
» Corresponds to many texels in texture space
» Need to compute average

Image plane Camera space  Texture space

Texels

“Pixel area




Antialiasing: Mathematics

» Pixels are samples, not little squares
http://www.alvyray.com/memos/6_pixel.pdf

» Use frequency analysis to explain sampling artifacts
Fourier transforms

» Antialiasing is achieved through low-pass filtering
» For more information:

http://www.cs.cmu.edu/~ph/texfund/textfund.pdf
Glassner: Principles of digital image synthesis

51



Antialiasing Using Mip-Maps

» Averaging over texels is expensive
Many texels as objects get smaller
Large memory access and compuation cost
» Precompute filtered (averaged) textures
Mip-maps
» Practical solution to aliasing problem
Fast and simple

Available in OpenGL, implemented in GPUs
Reasonable quality

52



Mipmaps

» MIP stands for multum in parvo = “much in little”
(Williams 1983)

Before rendering
» Pre-compute and store down scaled versions of
textures
Reduce resolution by factors of two successively

Use high quality filtering (averaging) scheme

» Increases memory cost by |/3
1/3 = 'Yat+1/16+1/64+...

» Width and height of texture need to be powers of
two

53



» Example: resolutions 512x512,256x256, 128x128, 64x64,
32x32 pixels

F . o
& e X8 e

» saLevel



» One texel in level 4 is the average of 4*=256 texels in
level O

wis iy R
L UL

» s5Level






Rendering With Mipmaps

» “Mipmapping”

» Interpolate texture coordinates of each pixel as without
mipmapping

» Compute approximate size of pixel in texture space

» Look up color in nearest mipmap
E.g., if pixel corresponds to 10x10 texels use mipmap level 3
Use nearest neighbor or bilinear interpolation as before

57



Mipmapping

Image plane Camera space  Texture space

Texels

- Mip-map level 0
° Mip-map level 1
° Mip-map level 2
58 o Mip-map level 3



Nearest Mipmap, Nearest Neighbor

» Visible transition between mipmap levels




Nearest Mipmap, Bilinear

» Visible transition between mipmap levels




Trilinear Mipmapping

» Use two nearest mipmap levels

E.g., if pixel corresponds to 10x10 texels, use mipmap levels 3
(8x8) and 4 (16x16)

» Perform bilinear interpolation in both mip-maps
» Linearly interpolate between the results
» Requires access to 8 texels for each pixel

» Standard method, supported by hardware with no
performance penalty
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Nearest Mipmap, Bilinear

» Visible transition between mipmap levels




Trilinear Mipmapping

» Smooth transition between mipmap levels




Next Lecture

» Thursday:

Midterm Exam

» Next Tuesday:
Advanced Texture Mapping Techniques
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