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Overview

• Today
– Texture mapping
– Parameterization
– Effects

• Next lecture
– Human Visual System
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Simple Illumination
• No illumination
• Constant colors

• Parallel light
• Diffuse reflection
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Standard Illumination

• Parallel light
• Specular reflection

Object properties constant over surface

• Multiple local light sources
• Different BRDFs
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Texturing
• 2D Image Textures
• Bump-Mapping
• Reflection textures

Locally varying 
object characteristics
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Texture-modulated Quantities
• Modulation of object surface properties
• Reflectance

– Color (RGB), diffuse reflection coefficient kd

– Specular reflection coefficient ks

• Transparency aaaa
– Etched glass

• Normal vector
– N(P)= N(P+ t N) or N= N+dN
– „Bump mapping“ or „Normal mapping“

• Geometry
– P= P + dP
– „Displacement mapping“

• Local Illumination
– “Environment mapping“, “Reflection mapping“
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Texture Mapping Transformations

Texture 
Space (2-D)

Object
Space (3-D)

Image
Space (2-D)

Texture-Surface
Transformation

Viewing Projection
Transformation

The texture is mapped onto a surface in 3-D object space, which is 
then mapped to the screen by the viewing projection. These two 
mappings are composed to find the overall 2-D texture space to 2-D 
image space mapping, and the intermediate 3-D space is often 
forgotten. This simplification suggests texture mapping’s close ties with 
image warping and geometric distortion. 

Texture space (u,v)
Object space (xo,yo,zo)
Screen space (x,y)
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2D Texturing

• 2D texture mapped onto object 
• Object projected onto 2D screen

• 2D®®®® 2D: warping operation
• Uniform sampling ?
• Hole-filling/blending ?
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2D Texture Mapping

• Forward mapping
– Object surface parameterization
– Projective transformation

• Inverse mapping
– find corresponding pre-image (footprint) of each pixel in texture
– “integrate” over pre-image

Computer Graphics WS05/06 – Texture Mapping

Forward Mapping

• Maps each texel to its position in the image
• Uniform sampling of texture space does not 

guarantee uniform sampling in screen space
• Used if 

– the texture-to-screen mapping is difficult to invert 
– the texture image does not fit into memory

 Texture scanning:

 for v

 for u

 compute x(u,v) and y(u,v)

 copy TEX[u,v] to SCR[x,y]
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Inverse Mapping

• Requires inverting the mapping transformation 

• Preferable when the mapping is readily invertible 
and the texture image fits in memory

• The most common mapping method 
– for each pixel in screen space, the pre-image of the pixel 

in texture space is found and its area is filtered

 Screen scanning:

 for y

 for x

 compute u(x,y) and v(x,y)

 copy TEX[u,v] to SCR[x,y]
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Pixel Pre-Image in Texture Space
 A square screen pixel that intersects a curved surface has a 

curvilinear quadrilateral pre-image in texture space. Most methods 
approximate the true mapping by a quadrilateral or parallelogram. If 
pixels are instead regarded as circles, their pre-images are ellipses.
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Inverse Mapping: Filtering
• Pre-image integration

– Integration over pixel footprint 
in texture space 

• Aliasing
– Texture insufficiently sampled
– Incorrect pixel values
– “Irratically” changing pixels 

when moving
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Filtering
• Magnification

– Map few texels onto many pixels
– Nearest:

• Take the nearest texel

– Bilinear interpolation:
• Interpolation between 4 nearest texels

• Fractional accuracy

• Minification
– Map many texels to one pixel

• Aliasing:

– Reconstructing high-frequency signals
with low level frequency sampling

– Filtering
• Averaging over (many) associated texels

• Computationally expensive

Texture

Pixel

Texture

Pixel
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Filtering – Texture Minification
• Space-variant filtering

– Mapping from texture space (u,v) to screen space (x,y) not affine
– Filtering changes with position 

• Space variant filtering methods
– Direct convolution
– Pre-filtering

• Pre-filtering
– Textures known in advance 
– preprocessing to make rendering more efficient
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Direct Convolution
• Convolution in texture space

– Texels weighted according to distance from pixel center 
(pyramidal filter kernel) 

• Convolution in image space
1 Center the fil ter function on the pixel (the image space) and find its 

bounding rectangle.
2 Transform the rectangle to the texture space, where it is a quadrilateral. 

The sides of this rectangle are assumed to be straight. Find a bounding 
rectangle for this quadrilateral.

3 Map all pixels inside the texture space rectangle to screen space.
4 Form a weighted average of the mapped texture pixels using a two-

dimensional lookup table indexed by each sample’s location within the 
pixel.
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Prefiltering
• Direct convolution methods are extremely slow 

– a pixel pre-image can be arbitrarily large along silhouettes or at the 
horizon of a textured plane 

– horizon pixels can require averaging over thousands of texture 
pixels 

– texture filtering cost grows in proportion to projected texture area

• To speed up the filtering process, the texture can be 
prefiltered so that during rendering only a few samples 
will be accessed for each screen pixel

• Two data structures are commonly used for 
prefiltering:
– integrated arrays (summed area tables)
– image pyramids (mipmaps) 
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Integrated Arrays
• Summed-Area-Tables

– Per texel, store sum from (0, 0) to (u, v)
– Arbitrary rectangle:

• Area = A – B – C + D

– Many bits per texel (sum !)

• Footprint assembly
– Good for space variant filtering

• e.g. inclined view of terrain

– Approximation of the pixel area
by MipMap-texel

– The more footprints the better accuracy
– Often fixed number of texels

because of economical reasons

A

C
D

B
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MipMapping
• Texture available in multiple resolutions

– Pre-processing step

• Rendering: select appropriate texture resolution
– Selection is usually per pixel !!
– Texel size(n) < extent of pixel on texture < texel size(n+1)

Computer Graphics WS05/06 – Texture Mapping

MipMapping II
• Multum In Parvo (MIP): much in little
• Hierarchical resolution pyramid

– Repeated averaging over 2x2 texels

• Rectangular arrangement (RGB)
• Reconstruction

– Tri-linear interpolation of 8 nearest texels

u

v

u

v

d
d
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MipMap Example
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MipMaps
• Why do  graphics cards get faster by MipMapping ?

– Bottleneck memory bandwidth
– Using of texture caches
– Texture minification required for far geometry

• No MipMap
– „Random“ access to texture
– Always 4 new texels

• MipMap
– Neighboring pixel moves nearly about one texel
– Access to 8 texels at a time, but

• Nearly all texels are still in the cache

• Average: < 1.5 new texels per pixel
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Anisotropic Filtering
• Footprint Assembly on GPUs

– Integration Across Footprint of Pixel
– HW: Choose samples that best approximate footprint
– Weighted average of samples

© C`t Magazine
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Surface Parameterization

• Some objects have a natural parameterization
– Sphere: spherical coordinates (

�

,� ) =  (2� u, � v)
– Cylinder: cylindrical coordinates (

�

,z) = (2� u, H v)
– Parametric surfaces (such as B-spline or Bezier surfaces)

• Parametrization less obvious for
– Polygons
– Implicit surfaces
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Triangle Parameterization
• Piecewise planar object surface patches
• To each vertex (xo,yo,zo) assign texture coordinates (u,v)

• Viewing projection (xo,yo,zo) ®®®® (x,y)
• Yields warping operation (u,v)®®®® (x,y)

– In homogeneous coordinates

– Transformation coefficients determined by 3 pairs (u,v)® (x,y)
– Invertible if points are non-collinear

( ) )/',/'(, wywxyx =

( ) )/',/'(, qvquvu =
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Triangle Parameterization II

• Inverse transform (x,y)®®®® (u,v)

• Transformation coefficients must be calculated for 
each triangle

• Scan-line rendering
– Bilinear interpolation of (u’ ,v’ ,q) in screen space

• Ray tracing
– Evaluation at each intersection

( ) )1,,(,',' yxwyx =( ) )/',/'(, qvquvu =
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Cylinder Parameterization

),2(),( vHuh pq =

 Transformation from texture 
space to the cylinder parametric 
representation can be written as:

 where H stands for the cylinder 
height. 

 The surface coordinates in the 
Cartesian reference frame can be 
expressed as:

hz

ry

rx

o

o

o

=

=

=

,sin

,cos

q

q
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Two-Stage Mapping
 Mapping functions for arbitrarily shaped 3-D surfaces usually 

cannot be found, and the following approximate technique is 
used:
1 Mapping from 2-D texture space to a simple 3-D intermediate surface

which is a reasonable  approximation of  the destination surface (e.g., 
cylinder, sphere) (S mapping)

2 Mapping from the intermediate surface to the destination object surface 
(O mapping)
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O-Mapping

• Intermediate surface 
intersection with
– reflected view ray

• Environment 
mapping

– Object surface normal
– Line through 

object centroid
– Shrinkwrapping

• Forward mapping

• Intersection of 
intermediate surface 
normal with object 
surface
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Shrinkwrap Mapping

• Inverse two-stage mapping
• Map 4 screen pixels to object surface
• O-mapping

– Shrinkwrapping: Intersection of line through 
object point and cylinder center with cylinder 
surface

• S-mapping 
– Inverse-map cylinder surface to texture map
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Two-Stage Mapping: Problems
• May introduce undesired texture distortions if the 

intermediate surface differs much from the destination 
surface

• Is very often used in practice because of its simplicity
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Two-Stage Mapping: Example

• Different intermediate surfaces
• Plane

– Strong distortion where object surface normal ^ plane normal

• Cylinder
– Reasonably uniform mapping (symmetry !)

• Sphere
– Problems with concave regions
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Reflection Mapping
• Also called Environment Mapping
• Mirror reflections

– Surface curvature: beam tracing
– Map filtering

• Reflection map parameterization
– Intermediate surface in 2-stage mapping

• Light sources distant from object
– Parallax-free illumination  
– No self-reflections, object concavities

• One reflection map per object
– Reflections of other objects
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Reflection Map Acquisition
• Generating spherical maps (original 1982/83)

– i.e. photo of a reflecting sphere (gazing ball)

Peter Chou
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Reflection Map Rendering
• Spherical parameterization
• O-mapping using reflected view ray intersection
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Reflection Map Parameterization
• Spherical mapping

– Single image
– Bad utilization of the image area
– Bad scanning on the edge
– Artifacts, if map and image do not

have the same direction

• Parabolical mapping
– Subdivide in 2 images

(facing and back facing side)
– Less bias on the edge
– Arbitrarily reusable
– OpenGL extensions
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Reflection Map Parameterization
• Cubical environment map, box map

– Subdivide into 6 surfaces
– Simple to calculate in hardware 
– Poor filtering
– Hardware support

Computer Graphics WS05/06 – Texture Mapping

Reflection Mapping

Terminator II motion picture
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Reflection Mapping Example II
• Reflection mapping with Phong reflection

– 2 maps: diffuse & specular
– Diffuse: index by surface normal
– Specular: indexed by reflected view vector

RenderMan 
Companion
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Ray Tracing vs. Reflection Mapping
• Differences ?
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Recursive Ray Tracing
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Light Maps
• Light maps (i.e. in Quake)

– Pre-calculated lighting (local irradiance)
• Often very low resolution

– Multiplication of irradiance with base texture
• Diffuse reflectance only

– Surface radiosity
• View-independent

– Animated light maps
• Fleeting shadows, moving light spots etc.

Reflectance Irradiance Radiosity

texture

mesh
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Bump Mapping
• Modulation of the normal vector

– Surface normals changed only
� Influences shading only
� Surface stays flat 
� No self-shadowing, 

contour deviations
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Bump Mapping II
• Original surface O(u)

– Surface normals known 

• Bump map B(u)
• Normal vectors scaled in length 

according to bump map intensity
• Resulting surface’s O’ (u) new 

normal directions calculated 
N’ (u)
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Bump Mapping III
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Texture Examples
• Complex optical effects 

– Combination of multiple textures

RenderMan Companion
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Texture Examples
• Solid texture (wood, marble)
• Bump map (middle)

RenderMan Companion
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Projective Textures
• Project texture onto 

object surfaces
– Slide projector

• Parallel, perspective 
projection

• Use photographs as 
textures

• Multiple images
– View-dependent texturing

RenderMan Companion
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Projective Texturing: Examples
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Billboards
• Single textured polygons
• Rotates, always facing viewer
• Used, e.g., for rendering distant objects 

that are radially of spherically symmetric
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Texture Sources
• Images (photos, simulations, videos, ...)

– Simple acquisition
– Limited resolution, aliasing
– High memory requirements
– Mapping difficult
– “Frozen illumination“

• Images work well only for Lambertian surfaces

• actually wanted: surface light fields (for surfaces with general
reflectance characteristics, e.g., BRDFs)

• Algorithms (procedural textures, shaders)
– Flexibility, parameter control
– Unlimited resolution, antialiasing possible
– Low memory requirements
– Adaptable to complex geometry
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Wrap-Up
• Mapping

– Forward/Inverse

• Filtering
– MipMaps

• Texturing
– Texture coordinates for all vertices
– Intermediate surface

• Texture applications
– Reflection/environment mapping
– Light maps
– Bump mapping

• Projective texturing
– Billboarding


