The Hardware Rendering Pipeline
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Rendering Pipeline (Overview) Rendering Pipeline (Overview)
Model | Srz(::;:i?; P Projection [-»|Rasterization|-»| Display Model |- IJG;::::;;}; [ Projection [-%|Rasterization|-»| Display
* Map from * Map from * Map from CCS
OCS to CCS OCS to CCS to Screen CS
« Clipping in 3D « Clipping in 3D« Persp. division
« Lighting « Lighting
m%“ Copyright © Comba, Dietrich, Oliveira, Pagot, Scheidegger (2003-2005) m%“ Copyright © Comba, Dietrich, Oliveira, Pagot, Scheidegger (2003-2005)
Rendering Pipeline (Overview) Rendering Pipeline (Overview)
Model [ gz:::ﬁ [ Projection [¥|Rasterization|¥| Display Model [ gz:::ﬁ [ Projection [%|Rasterization|®| Display

* Map from *Map from CCS  * Color
OCS to CCS to Screen CS « Visibility
« Clipping in 3D < Persp. division

« Lighting
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* Map from *Map from CCS  * Color « FB display
OCS to CCS to Screen CS « Visibility

« Clipping in 3D < Persp. division

« Lighting

Graphics Hardware Fixed Pipeline

3D Application
or Game

3D APl commands

3D API:
OpenGL or
Direct 3D

GPU Instructions and data CPU - GPU Boundary

vertex

Transformed iconnectivity
Vertices | Fragments

Colored
Fragments

Pixel
Updates

Raster

Vertex Primitive Assembly || Fragment Texturing
Transformation || and Rasterization and Coloring

pixel positions
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Graphics Hardware Pipeline

3D Application
or Game

glBegin (GL_TRIANGLES) ;
glvertex3£(0.0,0.0,0.0);
glVertex3£(1.0,0.0,0.0);
glvertex3£(0.5,1.0,0.0) ;

3D APl commands

3D API: o
OpenGL or 1E, i
Direct 3D glEnd() ;
GPU Instructions and data
Transformed Colored Pixel
Vertices Fragments Fragments  Updates

Vertex Primitive Assembly || Fragment Texturing Raster
Transformation || and Rasterization and Coloring Operation:

+FB
S
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Graphics Hardware Pipeline

3D Application i
or Game
3D API commands 4
2
GPU Instructions and data 3
Transformed . Colored Pixel
Vertices ragments Fragments Updates

Vertex Primitive Assembly || Fragment Texturing Raster B
Transformation and Rasterization and Coloring Operations
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Graphics Hardware Pipeline

3D Application
or Game

3D API commands

Drivers
(HAL)

Transformed . Colored Pixel
Vertices ag| S Fragments Updates

Vertex Primitive Assembly || Fragment Texturing Raster B
Transformation and Rasterization and Coloring Operations

GPU Instructions and data

Copyright © Comba, Dietrich, Oliveira, Pagot, Scheidegger (2003-2005)
UFRGS: pyrigl gger (

Graphics Hardware Pipeline

3D Application 1
or Game
3D API commands 5 4
4 .
3 Vertices 3
123 ! Transformed Colored Pixel
Vertices Fragments Fragments  Updates

Vertex Primitive Assembly || Fragment Texturing Raster FB
Transformation | | and Rasterization and Coloring Operations
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Graphics Hardware Pipeline

3D Application
or Game

3D APl commands Vertex Transformation

3D API: ] ;
| Verti World & I
0[|)>_enGtL3o[;' 5 :.:.Z“. *\g'e:z':f::‘eH Lighting H Ercoton
rec H
4vertices
??
123 Transformed Colored Pixel
Vertices Fragments Fragments  Updates

Primitive Assembly | | Fragment Texturing Raster FB
and Rasterization and Coloring Operations
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Vertex Transformations

Vertex Transformation

Normalized

Object World Camera/ Hom. Clip Device

Space Modeling | Space View Eye Space | Projection | Space | perspective | SPace
Transform Transform | oting | Transform Divide

World View Projection

: Viewport
Matrix Matrix Matrix Transform
ModelView -
Matrix wes Pindow
. Space

ocs World/Model Matrix
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Per-Vertex Operations: Closer Look

Per-Vertex
Operations
Normalized
Vertex Hom. Clip Device Window
Positions ‘ i ‘ Space et ‘ Space ‘ Viewport Space
‘ij Matrix‘ ‘ Divide ‘ ‘ Transform
Vertex Transf

«Vertex Positions are transformed by the ModelView and
Projetion matrices

Normals | Modelview| Normals
Inv Transp
Texture TransfText  «Normals are transformed by the inverse transpose of the
Coords Texture Coords . .
Matrix upper leftmost 3x3 submatrix of the ModelView

. «Texture coordinates are transformed by texture matrices

Base
color | Lighting
gl calculation | «Lighting calculations are applied
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Graphics Hardware Pipeline

3D Application
or Game

3D API commands

Graphics Hardware Pipeline

3D Application

or Game
3D API commands

3D API:
OpenGL or
Direct 3D
Vertices
4
231|03 Transformed Colored Pixel
Vertices Fragments Fragments  Updates
Primitive Assembly || Fragment Texturing Raster B
and Rasterization and Coloring Operations
1
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3D API:
OpenGL or
Direct 3D
Vertices
% 13104  Transformed Colored Pixel
() Vertices Fragments Fragments  Updates
Primitive Assembly || Fragment Texturing Raster B
and Rasterization and Coloring Operations
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Graphics Hardware Pipeline

3D Application
or Game

3D APl commands

3D API:
OpenGL or
Direct 3D
Vertices
134 Transformed - Colored Pixel
Vertices S Fragments Updates

Fragment Texturing Raster FB
and Coloring Operations

Primitive Assembly
and Rasterization

O
3

21
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Graphics Hardware Pipeline

1

3D Application
or Game

3D APl commands

3D API: 2’
OpenGL or
Direct 3D

Vertices
3
134 Colored Pixel

Fragments Updates

Transformed
Vertices

Vertex Primitive Assembly | | Fragment Texturing Raster FB
Transformation | | and Rasterization and Coloring Operations

Fragments
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Graphics Hardware Pipeline

3D Application
or Game

3D API commands Primitive Assembly, Clipping and Culling

3D API:
Collect vt Clipping: . Culling:
OpenGL or datainto Eliasie Division Vewport ||| ST,
Direct 3D primitives VF frontface
Vertices
134 Transformed Colored Pixel
Vertices Fragments Fragments  Updates

Vertex Primitive Assembly || Fragment Texturing Raster B
Transformation | | and Rasterization and Coloring Operations
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Graphics Hardware Pipeline

3D Application
or Game

3D APl commands

3D API:
OpenGL or
Direct 3D
Vertices
134 Transformed F " Colored Pixel
Vertices ragments Fragments  Updates

Vertex Primitive Assembly || Fragment Texturing Raster B
Transformation | | and Rasterization and Coloring Operations
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Rasterization

+ Primitives are decomposed into smaller units (fragments)
corresponding to pixels in the frame buffer

+ A fragment has several attributes

Window coordinates, depth, color, texture coordinates, ...

+ The values of each attribute are determined by interpolation from
the values specified at the vertices

+ The shading model (SMOOTH / FLAT) is important at this stage

+ Antialiasing is also performed at this stage
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Graphics Hardware Pipeline

3D Application
or Game

3D API commands

3D API:
OpenGL or
Direct 3D
Vertices
Colored
3 4 Transformed Fragments Pixel
Vertices Fragments Updates
Vertex Primitive Assembly.
Transformation and Rasterization
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Graphics Hardware Pipeline

3D Application
or Game

Graphics Hardware Pipeline

3D Application
or Game

3D API commands 3D API commands
3D API: 3D API:
OpenGL or OpenGL or
Direct 3D Direct 3D H,H,,
Vertices Vertices
Colored Colored
é Transformed Fragments Pixel Transformed Fragments Pixel
Vertices Fragments Updates Vertices Fragments [ Updates
Vertex Primitive Assembly FB Vertex Primitive Assembly FB
Transformation and Rasterization Transformation and Rasterization
31 4371
UF%GS Copyright © Comba, Dietrich, Oliveira, Pagot, Scheidegger (2003-2005) UF%GS Copyright © Comba, Dietrich, Oliveira, Pagot, Scheidegger (2003-2005)
Graphics Hardware Pipeline Raster Operations
3D Application P « Scissor Test
or Game . : G « Check if the fragment is inside a rectangular portion of the window
{ | Fragments »{ St }—* T }—v « Aversion of the stencil test (easy to design very fast hardware for)
3D API: 1 « Alpha Test
OpenGL or ; - X i
Direct 3D | color i, | Logical ,_4 SR ,_{ T + InRGBA mode, accepts or rejects a fragment based on its alpha value
| Buffer | Operati . i i
Vertices e peratons « Requires a reference value and a comparison function (NEVER, ALWAYS, <,
<>,2,5,#)
Transformed Colored Pixel « Application: Transparency algorithms
Vertices Fragments Fragments Updates « Stencil Test

Vertex Primitive Assembly_ L Fragment Texturing B
Transformation || and Rasterization and Coloring
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« Requires a stencil buffer (sb), a comparison function and a mask

» Compares a reference value with the value stored at a pixel in the sb

« The value in the sb can be modified depending on the result of the test
« Actions for when: the test fails, the z test succeeds, the z test fails

w%“ * Applisation; Mask out.an iregulady, shanad.regionsofihe screen




Raster Operations

« Depth Test

« Check if the fragment is closer to the camera than what is in the depth
buffer for the pixel

« Blending
« Combines the incoming R, G, B, A values with what is in the color buffer
« The result depends on the incoming A and the A value in the color buffer
« Application: Transparency algorithms
« Dithering
« Improves color resolution on systems with small number of color bitplanes
«Logical Operations

« Allows logical operations involving the incoming fragment values (s) and the
ones in the color buffer (d)

« Ex.AND (s A d), OR (s v d), NAND (—(s A d)), NOR, XOR, COPY (s}, ...
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Graphics Hardware Pipeline

3D Application
or Game

3D API commands

3D API: =
OpenGL or —
Direct 3D H

Vertices

Transformed . Colored Pixel
Vertices T Fragments  Updates

Vertex Primitive Assembly || Fragment Texturing B
Transformation and Rasterization and Coloring
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Graphics Hardware Pipeline:
Parallelization

3D Application
or Game

3D APl commands

3D API:
OpenGL or
Direct 3D
Vertices
Transformed s Colored Pixel
Vertices S Fragments Updates

Primitive Assembly |, Fragment Texturing Raster FB
and Rasterization and Coloring Operations
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Graphics Hardware Pipeline:
Parallelization

3D Application
or Game

3D APl commands

3D API:
OpenGL or
Direct 3D
Vertices
Transfqrmed Colored Pixel
Vertices Fragments Fragments Updates

Fragment Texturing Raster FB
and Coloring Operations

Primitive Assembly
and Rasterization
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Graphics Hardware Pipeline:
Parallelization

3D Application
or Game

3D APl commands

3D API:
OpenGL or
Direct 3D

Vertices

Colored  Pixel
Fragments Updates

Transformed  Fragments
Vertices

Vertex Primitive Assembly
Transformation and Rasterization
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Graphics Hardware Pipeline:
Parallelization

3D Application
or Game

3D APl commands

Y ]
3D API:
OpenGL or
Direct 3D L
Vertices
DColored Pixel
Transformed  Fragments Fragments Updates
Vertices

Vertex Primitive Assembly
Transformation and Rasterization

FB
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Programmable Graphics Pipeline

3D Application
or Game

3D API commands

3D API:
OpenGL or
Direct 3D
I Vertices CPU - GPU Boundary
‘ \
Transformed Colored Pixel
Vertices Fragments Fragments  Updates
L Primitive Assembly, Fragment Texturing Raster B
and Rasterization and Coloring Operations
Progra able
erte Processo
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Programmable Graphics Pipeline

3D Application
or Game

3D API commands

3D API:
OpenGL or
Direct 3D
I Vertices CPU - GPU Boundary
[
Transformed Colored Pixel
Fragments Fragments Updates

Vertices

Primitive Assembly || Fragment Texturing Raster B
and Rasterization and Coloring Operations

Vertex Processor
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Programmable Graphics Pipeline

3D Application
or Game

3D APl commands

Programmable Graphics Pipeline

3D Application
or Game

3D APl commands
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3D API: 3D API:
OpenGL or OpenGL or
Direct 3D Direct 3D
I Vertices CPU - GPU Boundary I Vertices CPU - GPU Boundary
| [ |
Transformed Colored Pixel Transformed Colored Pixel
i ragments pdates i ragments pdates
Vertices Fragments Fi t: Updat Vertices Fragments Fi t: Updat
5 Primitive Assembly || Fragment Texturing Raster FB Primitive Assembly Raster FB
BSsmeissss | and Rasterization and Coloring Operations =¥ and Rasterization Operations
Vertex Processor
Vertex Processor
Programmable
Fragment Processor
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Programmable Graphics Pipeline Programmable Graphics Pipeline
3D Application 3D Application
or Game or Game
3D APl commands 3D APl commands
3D API: 3D API:
OpenGL or OpenGL or
Direct 3D Direct 3D
I Vertices CPU - GPU Boundary I Vertices CPU - GPU Boundary
[ |
Transformed - i Colored Pixel Transformed - e Colored Pixel
Vertices S Vertices g Fragments ~ Updates
- Primitive Assembly FB - Primitive Aslserr]bly FB
and Rasterization and Rasterization
Vertex Processor Fragment Processor Vertex Processor
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Graphics Hardware Pipeline:
The Big Picture

3D Application
or Game

GPU is a stream processor
3D APl commands

v *Multiple progr ble pr ing units
3D API: «Connected by data flows
OpenGL or
Direct 3D

I GPU Instructions and data CPU - GPU Boundary
] |

Transformed AN, Colored Pixel
Vertices agments Fragments  Updates

S| Primitive Assembly, Raster
and Rasterization Operations

Vertex Processor

FB

Fragment Processor
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Vertex Processor

Vertex input
attributes

Vertex output
attributes

Vertex Processor

. M
input temporary
parameters registers

«Graphics Processing Unit
~ Instruction Set
~ Registers
<Does not create or delete vertices
~ 1 vertex in and 1 vertex out
«No topological information provided
~ No edge, face, nor neighboring vertex info

*Programs can be dynamically loadable
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Vertex Processor Inputs: Vertex Attributes

=
position x|yl|lz|w x|y|lz|w texture coord 0
weight x|y|z|w x|ylz|w texture coord 1

normal x|ylz|w x|y|lz|lw texture coord 2
primary color x|y|z|w| x|y|z|w| texture coord 3
secondary color x|y|z|w x|y|z|w texture coord 4
fog x|y|lz|w x|y|lz|w texture coord 5

- x|y|z|w| x|y|z|w texture coord 6

S x|y|z|w| x|y|z|w| texture coord 7
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Vertex Processor Inputs: Constant Registers

Vertex Processor
_

parameter 0 ———|x | ylz|w
tor 1 M 2w * modelview
[P y * modeview inverse
parameter 2 ————|x |y|z|w « skinning matrices
« other parameters
parameter 3 =————| X |y |Z | W L.
parameter4 — [ X|[Y[Z|W

- 2]
parameter 127 u Hu

Copyright © Comba, Dietrich, Oliveira, Pagot, Scheidegger (2003-2005)

&
urRGS

Vertex Processor Inputs: Temporary Registers

Vertex Processor

temporary 0 =————|x |y|z|w
temporary 1 = x|y|z|w
temporary 2 ———Ix|y|z|w
temporary 3 =————| X |Y|Z|W
temporary 4 — | X|Y[Z]|W

temporary 12
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Programmable Vertex Processor
.
Vertex Processor Output: Vertex Attributes C@m Vertex
Copy Vertex Attributes : " Program
to Input Registers l v Instruction
Fetch & Decode Memory
ertex Processo . Next Instruction
INPUT
register:
S5 el I Read Input and/or
Temporary Registers
Ji i 40 Map Input Values
clip-space position x|yl|lz|w x|y|lz|w texture coor TEMPORARY Swizzle, Negate, etc
front primary color x|y|z|w xX|yl|lz|w texture coord 1 registers
front secondary color x|y|lz|w x|ylz|w texture coord 2  TYTTTTTPPPPPTPRR Perform Instruction
MAth/Operation
back secondary color x|y|z|w| x|y|z|w| texture coord 3 - YES
back primary color x|ylz|w x|y|lz|w texture coord 4 Write Temporary or ) More ?
fog x|y|z|w x|y|z|w texture coord 5 Output Register >
o -1 ith Maski
point size x|ylz|w x|y|z|w texture coord 6 withMasking + NO
- x|y|z|w x|y|z|w texture coord 7 OUTPUT [ p Emit Output Registers as
§ registers Transformed Vertex
urRGs Copyright © Comba, er (2003-2005) UFRGS Copyright © Comba, Dietrich, Oliveira, Pagot, Scheidegger (2003-2005)
Programmable Fragment Processor .
Fragment Processor N g
color0 Initialize l H " IProgram
nstruction
colort I;arameters v "
lor2 : _— Fetch & Decode ¢——————— emory
Interpolated vertex S Y Primitive Next Instruction
color3 Interpolants
attributes
- Read Interpolants and/or
Fragment Processor ‘ - ‘ > TempurarlRegisters
A TE:QPgSE{\rEY Map Input Values
g Swizzle, Negate, etc
...Compute Textureq..Y.l::.s... Textur fectf;
Address & LOD Instry “r"’a'
input temporary texture Perform Instruction YES
parameters registers memory MAth/Operation
gy FILEET TEXELS rvvsesseseneeess
Write Temporary or = More ?
g Output Register “NO
\ 4 with Masking
OUTPUT J - Emit Final
w%es Copyright © Comba, Dietrich, Oliveira, Pagot, Scheidegger (2003-2005) w%&gpth & ColQpyi b Eambar Bietich: Oivar Vasol Siheidsuser (300 Fragment Outputs

Graphics Hardware Block Diagram

Video Memory On-Chip Cache Memory

Vertex

pre-TnL Shading
cache (T&L)

R S corerc
Triangle
-
CPU Setup

Fragment

cache
Shading
Frame Buffer s
Raster

Operations
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Example: GeForce 6800 Ultra

Vartex Shader Linits
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16 pixel
il processors
) bit

floating point

16 raster
operation
units
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Example: GeForce 6800 Ultra

L |

5 MIMD Archecture

5 Dusl issus

o Punalty frwe bisaching
o Shader Model 3.0

¥TE  Texture fetch

& VPE threads hide
Imency

4 Honstalling

& Uptod textuses.

& Mip-maps, no fitering

Triangle transform rate =
600 millions polygons/sec.
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Example: GeForce 6800 Ultra

SIMD Archaecture
Bual lssue | Codssue

LLOC
3
o
g
i
3

Taxture
Duts

Shader Unit 1 in each
pipe can handle
arithmetic operations and
texture reads. When not
texturing, it is available for

4 L1 texture
caches, each
serving 4 pixel
pipes

pixel shading.

+
Output

Shaded Fragments
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Example: GeForce 6800 Ultra

new features of the pixel shader engine

« Full Support for shader model 3.0
* 65,535 length pixel shader programs

» Dynamic Flow control - Loops & Branching, Call & Return,
Subroutines

« Highest precision pixel shading - Native/optimized FP32 processing
« Flexible data type support - FP32, FP16 operand & texture formats
» Multiple Render Target Support
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Shader Model 3.0

Vertex Shader 2.0
shader

feature

Shader 56

length Instructions
Dynamic Mo
Branching

Vertex Mo

texture

Instancing M
support

Shader 3.0

structions

Any number of

lookups from up te

4 texhres

Required

Description

wtrsctions slow more
datailed charactar lightng snd
anmation

Saves performance by
skippireg anirmation and
calaations on irelevant
wertices

Allows dizplacement mapping,
partidle effects

Allws many varied objects w
be drawn with only a sirgle
command
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Shader Unit 2 is limited
== to arithmetic operations




