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Reading Assignment #2 (until Sep 14)

Read (required):
» Orange book (GLSL), chapter 4 (The OpenGL Programmable Pipeline)
* Brief GLSL overview:

https://en.wikipedia.org/wiki/OpenGL Shading Language

* GPU Gems 2 book, chapter 30 (The GeForce 6 Series GPU Architecture)
available online:

http://download.nvidia.com/developer/GPU Gems 2/GPU _Gems2 ch30.pdf



What is in a GPU?

Lots of floating point processing power

- Stream processing cores

different names:
stream processors, o Mgy
CUDA cores, ... |

» WWas vector processing, now scalar cores!

Still lots of fixed graphics functionality
« Attribute interpolation (per-vertex -> per-fragment)
 Rasterization (turning triangles into fragments/pixels)
» Texture samping and filtering
* Depth buffering (per-pixel visibility)
* Blending/compositing (semi-transparent geometry, ..

* Frame buffers

)




Real-time graphics primitives (entities)

Represent surface as a 3D triangle mesh

o4

o2

Vertices Primitives
(e.g., triangles, points, lines)
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Real-time graphics primitives (entities)
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(e.g., triangles, points, lines)

Pixels (in an image)
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Graphics Pipeline

Scene Description Raster Image

[ [
Geometry R e Fragment
Processing asterization o\ Operations

BRI

Vertices Primitives Fragments Pixels




Geometry Processing

Geometry
Processing

Per-Vertex Primitive Clipping,

prensformatigy Lighting Assembly [ Perspect.Divide jmmd

Multiplication with Per-Vertex Geometric Clip Space
Modelview and Local lllumination Primitives To
Projection Matrix (Blinn/Phong) (Points, Lines Screen Space
Triangles)
o o o ° oge
o Vertices Primitives




Rasterization

Polygon
Rasterization

Decomposition
of primitives
into fragments

o Primitives

Texture
Fetch

Interpolation of
texture coordinates
Filtering of
texture color

Texture
Application

Combination of
primary color with
texture color

Fragments




Fragment Operations

@ Fragment
Operations

Stencil
Test Blending
Discard all Discard a Discard all Combination of
fragments within fragment if occluded primary color with
a certain the stencil fragments texture color
alpha range buffer is set

"1

l\
|




Graphics Pipeline

Scene Description Pr ogr ammable P ipeline Raster Image

| Vertex Fragment Fragment
Shader Shader Operations

Vertices Primitives Fragments Pixels



Graphics pipeline architecture

Performs operations on vertices, triangles, fragments, and pixels

°3
01 . . .
Vertex Generation [P M. °4 |nput: vertices in 3D space + connectivity
Vertex Creation  3Dvertex stream °2
and Processing
Vertex Processing Pt o T :
i o i Vertex processing stage computes were vertices

Projected vertex stream . s
appear on screen given a camera pOSItIOII

Primitive Generation i °

Primitive Creation

Group vertices into triangles positioned on screen
Primitive stream

Fragment Generation
Fragment Creation (Rasterization) n _ _
and Processing  Fragment stream = B~ Fragment generation creates one fragment for each
: pixel covered by the triangle

Fragment Processing

(olored fragment stream
Pixel Processing

o i ?_ Fragment processing colors the fragments based

on the surface characteristics at this pixel
Pixel Operations

. ‘ ! Qutput image pixels contain color of the
: i closest fragment at each pixel
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Direct3D 10 Pipeline (~OpenGL 3.2)

New geometry shader stage:

fixed
* Vertex -> geometry -> pixel shaders
programmable
» Stream output after geometry shader
. memory
Constant Constant Constant
v v __ \ 4 |
Input Vertex Geometry Setup Pixel _ Output
Assembler * Shader ° Shader | Rasterizer ~ Shader > Merger
A L S % Y

Sampler Sampler Stream out | Sampler

Courtesy David Blythe, Microsoft 12



Direct3D 11 Pipeline (~OpenGL 4.x)

Memory Resources
(Buffer, Texture,

New tessellation stages Consan Bt

Input-Assember
Stage

 Hull shader
(OpenGL.: tessellation control)

Vertex Shader
Stage

!

Hull Shader
Stage

* Tessellator
(OpenGL.: tessellation primitive generator)

Tessellator
Siage

* Domain shader
(OpenGL.: tessellation evaluation)

* In future versions, there might be yet more
stages, but for some time now all additions
were outside this pipeline:

— Compute shaders e
— Vulkan ; ;

— Ray tracing cores

Stream Output
Stage

b

Output-Merger -
Stage =

L
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Direct3D 12 Pipeline (and Later Updates)

First version 2015 (Windows 10)
New (March 2018): DXR (DX12 Ray-Tracing)

i ™
Descriptor
Heap Root constants ] Hull shader
Static samplers 5 %
Descriptor tables % ]
% Root arguments _— %
Geometry shader
Descriptor tables — Root descriptors —_—

Optii | shade
e sl _ II- Pixel shader

|_I
l/l\




Vulkan (1.1) Pipeline

Draw

¥

Input Assembler

¥

3

Indirect Buffer

ulkan.

Index Buffer

Vertex Shader

r

r X3

Vertex Buffer

A~

h 4

Dispatch

h 4

Compute Shader

Tessellation Control Shader | : Descriptor Sets
L 2 1
Push Constant
Tessellation Primitive Generator : O
¥ - Uniform Buffer
Tessellation Evaluation Shader | - Uniform Texel Buffers
]
> - Sampled Images
A 4 i
Geometry Shader ¢ i Storage Buffers
> :; Storage Texel Buffers
h 4 N
Vertex Post-Processing :' Erorese Imaiy
+ ———————————————————— 1
Rasterization —I
¥
Early Per-Fragment Tests < > Depth/Stencil Attachments
* £
Fragment Shader p! - Input Attachments
¥
Late Post-Fragment Tests  [€
L 2
Blending & > Color Attachments

h 4

Some Vulkan commands specify geometric objects
to be drawn or computational work to be performed,
while others specify state controlling how objects
are handled by the various pipeline stages, or control
data transfer between memory organized as images
and buffers. Commands are effectively sent through
a processing pipeline, either a graphics pipeline or a
compute pipeline.

[ Irixed Function Stage
[Ishader Stage
1] Storage Images



Vulkan Command Buffer Lifecycle

Allocate
. -)[ Initial
Reset .~ | R Reset
o VN Begin
’ | 1Y
V | N
/ [} N\
/ M
/ AN
/ / AN -
‘ , \ = - - -
[ Invalid -—————f e —— =V -2 Recording
Invalidate i \
k < \
\ S \
\ ~ \
\ e “ \
Comp!etion witI? Y R \ End
One Time Submit  ~_ ) WD
L Completion WV

Executable ]

[ P;nding m

Submission

ulkan.

Initial state

The state when a command buffer is first
allocated. The command buffer may be reset
back to this state from any of the executable,
recording, or invalid states. Command buffers
in the initial state can only be moved to
recording, or freed.

Recording state
vkBeginCommandBuffer changes the

state from initial to recording. Once in the
recording state, vkCmd* commands can be
used to record to the command buffer.

Executable state
vkEndCommandBuffer moves a command
buffer state from recording to executable.

Executable command buffers can be
submitted, reset, or recorded to another
command buffer.

Pending state

Queue submission changes the state from
executable to pending, in which applications
must not attempt to modify the command
buffer in any way. The state reverts back

to executable when current executions
complete, or to invalid.

Invalid state

Some operations will transition the command
buffer into the invalid state, in which it can
only be reset or freed.



GPU Structure Before Unified Shaders

Vertex Processors R Example
| | ] | I NVIDIA Geforce 6/7,
( Cull/Clip/Setup ) 2004, 2005
I
={ Z-Cull ]H( Rastelrization )
| S T T
Fragment Processors _[%% %% S
[ 1 [
( Fragmen; Crossbar )
Memory Access
Z-Compare and
Blending v

Memory
Partition

Memory
Partition

A 4

Memory
Partition

Memory
Partition

A 4
A 4




Legacy Vertex Shading Unit (1)

Geforce 3 (NV20), 2001

* floating point
4-vector
vertex engine

- still very
instructive for
understanding
GPUs in general

|B 0 1 -------- n_2 n—1
v
—T - ll »
| Constant
Reglsters | swteﬂ |¢swf’negvl Memory
| U
writemask
x A
SIMD Special
Vector Function
Unit Unit
Instruction
Memory
A 4
[ writemask ]
OB 0 1 -------- n_2 n-1

Lindholm et al., A User-Programmable Vertex Engine, SIGGRAPH 2001
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Legacy Vertex Shading Unit (2)

Veﬁex Conventional Per-vertex . Contvenhonal
Attrllbute —— Conventional Per-vertex Parameter Command & omppnen‘r
| N put Register Mapping
. 0 Vertex position gl¥erics X,V,2,W
attributes 1 Vertex weights glVertexWeightEXT w,0,0,1
2 Normal glNormal
3 Primary color glColor r.oba
4 Secondary color glSecondaryColorEXT reb,1
5 Fog coordinate glFogCoordEXT £0,01
6 . - 8
7 - = -
8 Texture coord 0 glMultiTexCoordARB (GL TEXTUREO...) mitrg
9 Texture coord 1 glMultiTexCoordARB (GL TEXTUREL..) s,Lr,q
10 Texture coord 2 glMultiTexCoordARB (GL TEXTUREZ2...) s,Lr,q
11 Texture coord 3 glMUltiTeXCDDIdARB (GL_TEXTURE&.‘.) s, L1,q
19 Texture coord 4 glMultiTexCoordARB (GL TEXTUERA4..) s,1r.q
13 Texture coord 5 glMUltiTeXCDDIdARB (GL_TEXTUER\S.‘.) SEEG
14 Texture coord 6 glMultiTexCoordARB (GL TEXTUERG...) S,5,7,q
15 Texture coord 7 glMUltiTEXCODIdARB (GL_TEXTUER?.‘.) e

Code DP4 o[HPOS].x, c[0], v[OPOS];
examples MUL R1, RO.zxyw, R2.yzxXw ;
MAD R1, RO.yzxw, RZ2.zxyw, -R1;

swizzling!
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Legacy Vertex Shading Unit (3)

Vector instruction set, very few instructions; no branching yet!

OpCode | Full Name Description

MOV Move vector -> vector

MUL Multiply vector -> vector

ADD Add vector -> vector

MAD Multiply and add vector -> vector

DST Distance vector -> vector

MIN Minimum vector -> vector

MAX Maximum vector -> vector

SLT Set on less than vector -> vector

SGE Set on greater or equal vector -> vector

RCP Reciprocal scalar-> replicated scalar
RSQ Reciprocal square root scalar-> replicated scalar
DP3 3 term dot product vector-> replicated scalar
DP4 4 term dot product vector-> replicated scalar
LOG Log base 2 miscellaneous

EXP Exp base 2 miscellaneous

LIT Phong lighting miscellaneous

ARL Address register load miscellaneous

20



Fast Forward to Programm. Fragment Shading

Core OpenGL Fragment <1999
Texturing & Coloring

Point
Rasterization
: Conventional
F Line
primitive P | Rasterization T mar ot
Assembly = Texture Unit D
POIygon IIIIII.I IIIIIIII
Rasterization Tex‘lure Unit 1
X ' Pixel Rectangle
Drawfixel Rasterization
Bitm s Bitmap
Hima Rasterization . T_exture t
nvironmen
Application At;;c;‘;iira‘:?:n —
SUSEEREEEEEEEEE ny
s Texture Unit 0= To iragrr_lent
............... -, A processing

----------------

Color Sum

L

Fog

Courtesy Mark Kilgard

NVIDIA Proprietary 21




AR
=

(O

Fast Forward to Programm. Fragment Shading

NV10 OpenGL Fragment GeForce 256,
Point
Rasterization
i Conventional
From Line :
Primitive Rasterization XD T
Assembly = Texture Unit 03
Polygon R
Rasterization i Texture Unit 11
. Pixel Rectangle
DrawPixels Rasterization
S B Bitmap - i *
Eiemags Rasterization . Texture " Register
nvironme Combiners
Appli{:alion susEEEEEEEERE Ai?:ﬂi;i?é; _"
SEEEEEEEEEEEEEE »
I Texture Unit 03 saneel Sizoe & To fragment
ns Fy processing
Color Sum .............
Fog
GL_REGISTER_COMBEINERS_NV
. —a Courtesy Mark Kilgard
NVIDIA Proprietary 22
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Fast Forward to Programm. Fragment Shading

NV20 OpenGL Fragment
Texturing & Coloring

GeForce 3,
2001

Point
Rasterization P Texture Shaders
N EEEEEEEEEER
s Line Conventional mTexture Shader 0
Primitive \® | Rasterization e garaiizaznes
Aesenbly Hodr T e
POIY'-JO” llllll.ll.l.llllllu. ...=........:
Rasterization H it 38 Wlexture Shader 3,
sfemnme Do 1 .

DrawPixelsp

Pixel Rectangle

%

GLTEXTURE_SHADER_NV

Rasterization
enable
h
2 - Bitmap -
Efiag Rasterization : Texture Register
nvironment Combiners
Application CLLLLELLLLLLY ] Co:r_er:tge _’-
LRI =General Stage Application | 1, fragment
:IIIIIIIIIIIIII H .......::..... ‘ prDCeSSing
NN NEEEEEEEEE, EEEEEEEEEEEEN
2 Texture Unit 32 sGeneral Stage 7a
-Illlllllllllllf :............
IIIIIIIIIII‘
= Final Stage =
color sum AEENIEEEEEEEEN
Fog
GL_REGISTER_COMBEINERS_NV
enable Courtesy Mark Kilgard

NVIDIA Proprietary 23




From
Primitive
Assembly

DrawPiers*

Bitmap=jp»

Point
Rasterization

Line
Rasterization

Polygon
Rasterization

Pixel Rectangle
Rasterization

Bitmap
Rasterization

NV30 OpenGL Fragment
Texturing & Coloring

" Texture Shaders

Conventional
Texture Fetching

NN NN

ETexture Unit 0=

ETex‘ture Unit 3=

h

JIIIIIIIIIII

mTexture Shader 0

mTexture Shader‘i:
SAEEEEEEEEEE R
|
JUEEEEEEEEEE
WTexture Shader 3:
LTI LARLE

> Fragment Program

GeForce FX (5),
2003

----I-----H
mFragment Progr
= Instruction 0 g
EEIEEEEEEEEEY

L)
;IIIIIIIIIII.
mFragment Progr:

a Instruction 1023 g
EEIEEEEEEEEEY

FCP1.0
GLTEXTURE_SHADER_NV

NVIDIA Proprietary

Texture
Environment
Application

ETexture Unit 03

fTexture Unit 33

vy

Color Sum

enable
Register
Combiners
Register el ELEE L]
Combiners wGeneral Stage (E

L]
e ol

Final Stage E
EEEEEEEEEEEEE

sGeneral Stage (m
L] ]

SEEEEEEEEEEEWF
=General Stage

H Final Stage

. -

GL_REGISTER_COMBINERS_Ny  GL_FRAGMENT_PROGRAM_NV

Fog

enable enable

FP1.0

Coverage q

Application To fragment
A processing
Courtesy Mark Kilgard
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Vertex Processor

Begin
Vertex

Vertex
Program
Instructions

Input-
Registers

Temporary
Registers

Output-
Registers

Emit Vertex



Fragment Processor

Fragment
Program
Instructions
Input- Jl!llf!lll}llll:.oo- xXxx ..oo: E
Registers

Temporary
Registers

Texture
Memory
: es
Output o Y
Registers T qereeere e Emit Fragment




A diffuse reflectance shader

sampler mySamp;
Texture2D<float3> myTex;
float3 lightDir;

float4 diffuseShader(float3 norm, float2 uv)

{
float3 kd;

kd = myTex.Sample(mySamp, uv);
kd *= clamp( dot(lightDir, norm), 0.0, 1.0);
return float4(kd, 1.0);

Independent, but no explicit parallelism



Thank you.




