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RasterizationRasterization
• Goals of rasterization

• Scan conversion and attribute interpolation 

• Texture mapping
– Texture resampling 

– Mip mapping

– Bilinear versus perspective correct interpolation

• Limitation of triangle rasterizers

• Bump Mapping

• Goals of rasterization

• Scan conversion and attribute interpolation 

• Texture mapping
– Texture resampling 

– Mip mapping

– Bilinear versus perspective correct interpolation

• Limitation of triangle rasterizers

• Bump Mapping
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Geometry Geometry 
processingprocessingModelModel ProjectionProjection RasterizationRasterization DisplayDisplay

• Color• Color
• Visibility• Visibility

Where Are We in the Pipeline? Where Are We in the Pipeline? 
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The Path to Images The Path to Images 

camera spacecamera space

--ff

--nn

pixel spacepixel space

rasterizationrasterization

zzFarFar = = FF

x = ± z  x = ± z  
y = ± zy = ± zzzNearNear = = NN

normalized perspective  normalized perspective  
spacespace

projection matrixprojection matrix

βα +−= nN βα +−= fF
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Homeomorphic Homeomorphic SpacesSpaces

Package

• After multiplication of its vertices by the projection matrix, 
a triangle is mapped onto a different triangle.

• The view frustum is mapped to a cube after division by w. 

•• After multiplication of its vertices by the projection matrix, After multiplication of its vertices by the projection matrix, 
a triangle is mapped onto a different triangle.a triangle is mapped onto a different triangle.

•• The view frustum is mapped to a cube after division by w. The view frustum is mapped to a cube after division by w. 
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Goals of RasterizationGoals of Rasterization
• Fill the convex hull of the projected vertices of a polygon

• Resolve visibility among polygons

•• Fill the convex hull of the projected vertices of a polygonFill the convex hull of the projected vertices of a polygon

•• Resolve visibility among polygonsResolve visibility among polygons
• Fill the convex hull of the projected vertices of a polygon•• Fill the convex hull of the projected vertices of a polygonFill the convex hull of the projected vertices of a polygon
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Scan ConversionScan Conversion
• For each triangle

– For each projected edge (pair of projected vertices) compute   
dx, dy and dz

•• For each triangleFor each triangle
–– For each projected edge (pair of projected vertices) compute   For each projected edge (pair of projected vertices) compute   

dxdx, , dydy and and dzdz

vv22

vv33

vv11 dxdx11

dydy11
ee11

dxdx11= = vv2x2x -- vv1x1x

dydy11= = vv2y2y -- vv1y 1y 

dzdz11= = vv2z2z -- vv1z1z

Increments in x and z coordinates per Increments in x and z coordinates per scanlinescanline: : 
incincixix = (= (dxdxii//dydyii) ) andand incinciziz == ((dzdzii//dydyii))
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Scan Conversion (cont.)Scan Conversion (cont.)
• For each projected edge crossing the current scan line, 

interpolate vertices’ attributes (x, z, color, normals, etc.) 
along the edges.

•• For each projected edge crossing the current scan line, For each projected edge crossing the current scan line, 
interpolate vertices’ attributes (x, z, color, interpolate vertices’ attributes (x, z, color, normalsnormals, etc.) , etc.) 
along the edges.along the edges.

vv22

vv33

vv11

ee11

xxii = = xxii prevprev + + dxdxii

zzii == zzii prevprev ++ dzdzii

current scanlinecurrent scanline

ee22

Interpolate the resulting values (depth, color, Interpolate the resulting values (depth, color, normalsnormals, , 
etc.) along the scanline segment. etc.) along the scanline segment. 
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Scan Conversion (cont.)Scan Conversion (cont.)
• Bilinear interpolation ignores perspective distortions

• Perspective projection in homogeneous coordinates 
preserves depth (z) monotonicity

•• Bilinear interpolation ignores perspective distortionsBilinear interpolation ignores perspective distortions

•• Perspective projection in homogeneous coordinates Perspective projection in homogeneous coordinates 
preserves depth (z) preserves depth (z) monotonicitymonotonicity
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Depth InterpolationDepth Interpolation
• Bilinear interpolation of depth values is not strictly correct, 

but produces the desired results (preserves monotonicity)
•• Bilinear interpolation of depth values is not strictly correct, Bilinear interpolation of depth values is not strictly correct, 

but produces the desired results (preserves but produces the desired results (preserves monotonicitymonotonicity))
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Attribute InterpolationAttribute Interpolation
• For all attributes other than depth, we need to 

compensate for perspective distortion
•• For all attributes other than depth, we need to For all attributes other than depth, we need to 

compensate for perspective distortioncompensate for perspective distortion

Bilinear Interpolation Bilinear Interpolation 
IncorrectIncorrect

Hyperbolic Interpolation Hyperbolic Interpolation 
CorrectCorrect
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Texture MappingTexture Mapping

PolygonPolygon TextureTexture

++

Textured Textured 
PolygonPolygon

==

(s,t)(s,t)

(0,0)(0,0)

(0,1)(0,1) (1,1)(1,1)

(1,0)(1,0)(0,0)(0,0)

(0,1)(0,1) (1,1)(1,1)

(1,0)(1,0)
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Texture Mapping (Cont.)Texture Mapping (Cont.)

PolygonPolygon TextureTexture

++

Textured Textured 
PolygonPolygon

==

(0,0)(0,0)

(0,1)(0,1) (1,1)(1,1)

(1,0)(1,0)(0,0)(0,0)

(0,1)(0,1) (1,1)(1,1)

(1,0)(1,0)

(0,0.3)(0,0.3) (0.7,0.3)(0.7,0.3)
(0.35,0.3)(0.35,0.3)
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Texture ResamplingTexture Resampling
Nearest NeighborsNearest Neighbors Bilinear Filtering Bilinear Filtering 
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• Good results if the textured object is close to the camera
• Does not work if the textured object is far away

– Multiple texels map to the same pixel
• Far away objects

– Need to average the color of an entire region
– Not practical for interactive applications

•• Good results if the textured object is close to the cameraGood results if the textured object is close to the camera
•• Does not work if the textured object is far awayDoes not work if the textured object is far away

–– Multiple Multiple texels texels map to the same pixelmap to the same pixel

•• Far away objectsFar away objects
–– Need to average the color of an entire regionNeed to average the color of an entire region
–– Not practical for interactive applicationsNot practical for interactive applications

Bilinear FilteringBilinear Filtering

Close textured object

Far textured object

Multiple texels map 
to the same pixel

Copyright © Manuel M. Oliveira

Mip Mip MappingMapping
Mip Mip Map PyramidMap Pyramid TrilinearTrilinear FilteringFiltering
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Mip Mip Mapping (cont.)Mapping (cont.)

Bilinear FilteringBilinear Filtering TrilinearTrilinear Filtering Filtering 

• Mip mapping is very effective on reducing aliasing, 
specially in animated sequences

• Reduces aliasing by blurring the images

•• Mip Mip mapping is very effective on reducing mapping is very effective on reducing aliasingaliasing, , 
specially in animated sequencesspecially in animated sequences

•• Reduces Reduces aliasingaliasing by blurring the imagesby blurring the images
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• Area Estimation
– Compute the area of the quadrilateral in texture space that the 

current pixel maps to. Then, compute the mip map level as

•• Area EstimationArea Estimation
–– Compute the area of the quadrilateral in texture space that the Compute the area of the quadrilateral in texture space that the 

current pixel maps to. Then, compute the current pixel maps to. Then, compute the mip mip map level asmap level as
( )areal 2log*5.0=

Mip Mip Mapping Level EstimationMapping Level Estimation
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• Based on the pixel projected area in texture space.     
Let s = s(x,y) and t = t(x,y)

• Derivative-based method [Heckbert 83]
– Consider a pixel as a unit square in screen space

•• Based on the pixel projected area in texture space.     Based on the pixel projected area in texture space.     
Let Let s = s(x,y)s = s(x,y) and and t = t(x,y)t = t(x,y)

•• DerivativeDerivative--based methodbased method [[Heckbert Heckbert 83]83]
–– Consider a pixel as a unit square in screen spaceConsider a pixel as a unit square in screen space
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Texture Coordinates InterpolationTexture Coordinates Interpolation
• Bilinear interpolation of texture coordinates (not the same 

as bilinear texture resampling) produces incorrect results 
•• Bilinear interpolation of texture coordinates (not the same Bilinear interpolation of texture coordinates (not the same 

as bilinear texture as bilinear texture resamplingresampling) produces incorrect results ) produces incorrect results 

Bilinear Interpolation     Bilinear Interpolation     
(Nearest Neighbor resampling)(Nearest Neighbor resampling)

IncorrectIncorrect

Hyperbolic Interpolation Hyperbolic Interpolation 
(Bilinear Filtering)(Bilinear Filtering)

CorrectCorrect
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1 Construct an array of values for each vertex of the polygon 
[Xp, Yp, Zp, Wp, Xccs, …, Normalx, …, Colorr, …, u, …, 1], 
where subscript p represents the coordinates of the vertex 
after multiplication by the Projection Matrix. 

11 Construct an array of values for each vertex of the polygon Construct an array of values for each vertex of the polygon 
[[XXpp, , YYpp, , ZZpp, , WWpp, , XXccsccs, …, , …, NormalNormalxx, …, , …, ColorColorrr, …, u, …, 1], …, u, …, 1], , 
where subscript where subscript pp represents the coordinates of the vertex represents the coordinates of the vertex 
after multiplication by the Projection Matrix. after multiplication by the Projection Matrix. 

Perspective Correct Interpolation Perspective Correct Interpolation 
[Blinn92][Blinn92]
1 Construct an array of values for each vertex of the polygon 

[Xp, Yp, Zp, Wp, Xccs, …, Normalx, …, Colorr, …, u, …, 1], 
where subscript p represents the coordinates of the vertex 
after multiplication by the Projection Matrix. 

2 Perform clipping.

3 Perform the perspective division to all elements of the 
vector (divide by Wp). The last term becomes 1/ Wp.

4 “Interpolate all values linearly down polygon edges and 
across scanlines internal to the polygon”.

5 At each pixel, divide the resulting values by the 
interpolated 1/ Wp.

11 Construct an array of values for each vertex of the polygon Construct an array of values for each vertex of the polygon 
[[XXpp, , YYpp, , ZZpp, , WWpp, , XXccsccs, …, , …, NormalNormalxx, …, , …, ColorColorrr, …, u, …, 1], …, u, …, 1], , 
where subscript where subscript pp represents the coordinates of the vertex represents the coordinates of the vertex 
after multiplication by the Projection Matrix. after multiplication by the Projection Matrix. 

22 Perform clipping.Perform clipping.

33 Perform the perspective division to all elements of the Perform the perspective division to all elements of the 
vector (divide by vector (divide by WWpp). The last term becomes ). The last term becomes 1/1/ WWpp..

44 “Interpolate all values linearly down polygon edges and “Interpolate all values linearly down polygon edges and 
across across scanlinesscanlines internal to the polygon”internal to the polygon”..

55 At each pixel, divide the resulting values by the At each pixel, divide the resulting values by the 
interpolated interpolated 1/1/ WWpp..

1 Construct an array of values for each vertex of the polygon 
[Xp, Yp, Zp, Wp, Xccs, …, Normalx, …, Colorr, …, u, …, 1], 
where subscript p represents the coordinates of the vertex 
after multiplication by the Projection Matrix. 

2 Perform clipping.

3 Perform the perspective division to all elements of the 
vector (divide by Wp). The last term becomes 1/ Wp.

11 Construct an array of values for each vertex of the polygon Construct an array of values for each vertex of the polygon 
[[XXpp, , YYpp, , ZZpp, , WWpp, , XXccsccs, …, , …, NormalNormalxx, …, , …, ColorColorrr, …, u, …, 1], …, u, …, 1], , 
where subscript where subscript pp represents the coordinates of the vertex represents the coordinates of the vertex 
after multiplication by the Projection Matrix. after multiplication by the Projection Matrix. 

22 Perform clipping.Perform clipping.

33 Perform the perspective division to all elements of the Perform the perspective division to all elements of the 
vector (divide by vector (divide by WWpp). The last term becomes ). The last term becomes 1/1/ WWpp..
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PerspectivePerspective--Correct InterpolationCorrect Interpolation
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Understanding the Problem (2Understanding the Problem (2--D)D)

W = 1 Wj

Wi +α(Wj- Wi)
Image plane

)(
)(

iji

iji

www
aaa

a
−+

−+
=

α
α

Wi

Vi

Vj

Vi + α(Vj - Vi)

• Geometric Interpretation•• Geometric InterpretationGeometric Interpretation
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Understanding the Problem (2Understanding the Problem (2--D)D)

W = 1 Wi Wj

Wi +α(Wj- Wi)
Image plane

Vi

Vj

α = 0.5
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Understanding the Problem (2Understanding the Problem (2--D)D)

W = 1 Wi Wj

Wi +α(Wj- Wi)
Image plane

Vi

Vj
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SolutionSolution
• Interpolate using the attribute values as if in Camera/Eye 

space

• Notation
– E: Camera/Eye Space. Point represented as (Ex, Ey, Ez, 1)T

– H: Homogeneous Space. Point represented as (Hx, Hy, Hz, Hw) T

– M: 4x4 Projection & Viewport Transformation Matrix. H = ME

– P: Pixel Space. Obtained with the perspective divide after 
clipping. P = H/ Hw. Point represented as (Px, Py, Pz, 1) T

•• Interpolate using the attribute values as if in Camera/Eye Interpolate using the attribute values as if in Camera/Eye 
spacespace

•• NotationNotation
–– EE: Camera/Eye Space. Point represented as : Camera/Eye Space. Point represented as (E(Exx, , EEyy, , EEzz, 1), 1)TT

–– HH: Homogeneous Space. Point represented as: Homogeneous Space. Point represented as ((HHxx, , HHyy, H, Hzz, H, Hww) ) TT

–– MM: 4x4 Projection & : 4x4 Projection & ViewportViewport Transformation Matrix. Transformation Matrix. H = MEH = ME

–– PP: Pixel Space.: Pixel Space. Obtained with the perspective divide after Obtained with the perspective divide after 
clipping.clipping. P = H/ HP = H/ Hww. Point represented as . Point represented as ((PPxx, , PPyy, , PPzz, 1) , 1) TT
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Relationship Between the Relationship Between the 
E and P SpacesE and P Spaces

MEH =
wH
HP =andand

ThusThus

ME
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P
w
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• Vertices attributes as defined in Eye Space

• After multiplying M by E

• After Clipping and Perspective divide

•• Vertices attributes as defined in Eye SpaceVertices attributes as defined in Eye Space

•• After multiplying M by EAfter multiplying M by E

•• After Clipping and Perspective divideAfter Clipping and Perspective divide

Obtaining the Right VectorObtaining the Right Vector

[ ]Tredxzyx vuCNEEE 1,,,...,,...,,,,

[ ]Tredxzyxwzyx vuCNEEEHHHH 1,,,...,,...,,,,,,,,

T

w
redxzyxzyx H

vuCNEEEPPP 






 1,~,~,...,~,...,~,~,~,~,1,,,
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• For each scan converted pixel, linearly interpolate the 
values of the “tilded” attributes and divide the result by 
the interpolated 1/ Hw

• For each scan converted pixel, linearly interpolate the 
values of the “tilded” attributes and divide the result by 
the interpolated 1/ H1/ Hww

Obtaining the Right InterpolationObtaining the Right Interpolation

T

w
redxzyxzyx H

vuCNEEEPPP 






 1,~,~,...,~,...,~,~,~,~,1,,,

Note that dividing by 1/HNote that dividing by 1/Hww is equivalent to multiplying by His equivalent to multiplying by Hww, , 
which will bring the attribute values back to Eye space.which will bring the attribute values back to Eye space.
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• Interpolation and projection in Homogeneous Space (we 
know this works!):

• Interpolation and projection using interpolated 1/ Hw

• Interpolation and projection in Homogeneous Space (we 
know this works!):

• Interpolation and projection using interpolated 1/ H1/ Hww

Does It Really Work?Does It Really Work?
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• Interpolation and projection in Homogeneous Space:

• We can rewrite l’ as

• Interpolation and projection in Homogeneous Space:

• We can rewrite l’ as

But They Still Look Different ...But They Still Look Different ...
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• This provides the geometric intuition we need to 
understand what is going on: E  is on the homogeneous 
plane w = 1/ Hw!!!

• Such a plane is behind the image plane for || Hw|| >1

• This provides the geometric intuition we need to 
understand what is going on: E  E  is on the homogeneous 
plane w = 1/ H1/ Hww!!!

• Such a plane is behind the image plane for || HHww|| >1

In Homogeneous Space ...In Homogeneous Space ...
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Geometrically...Geometrically...

W = 1 Wi Wj

Wi +α(Wj- Wi)
Image 
plane

Vi

Vj
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(1/Wi) +α((1/Wj) - (1/Wi))

W = 1/Wi

W = 1/Wj


