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BackgroundBackground
• C g  i s  b o t h  a  l a n g u a g e a n d  a  s y s t e m

– C g  l a n g u a g e  i s  f o r  w r i t i n g  s t r e a m  k e r n e l s
– C g  s y s t e m  t a r g e t s  g r a p h i c s  h a r d w a r e

• D e v e l o p e d  b y  N V I D I A
– I n  c o l l a b o r a t i o n  w i t h  M i c r o s o f t
– R u n s  o n  l o t s  o f  h a r d w a r e  ( n o t  j u s t  N V I D I A ’ s )

• W i d e l y  d e p l o y e d
– S h i p p i n g  f o r  o v e r  a  y e a r
– A n y o n e  c a n  d o w n l o a d  i t

• L o t s  o f  i n f o r m a t i o n  a v a i l a b l e :
– C g  l a n g u a g e  s p e c i f i c a t i o n  – v i a  d o w n l o a d
– C g  t u t o r i a l  – b u y  o n  a m a z o n . c o m
– P a p e r  i n  S I G G R A P H  2 0 0 3



GPUs a r e  n o w  
p r o g r a m m a b l e
GPUs a r e  n o w  
p r o g r a m m a b l e

Vertex
Processor

Fragment
Processor

Triangle
Assembly &
Rasterization

Framebuffer
Operations

Fram
ebuffer

Textures

Texture
Decompression

& Filtering

MOV R4.y, R2.y; 
ADD R4.x, -R4.y, C[3].w; 
MAD R3.xy, R2, R3.xyww, C[2].z; 
…

MOV R4.y, R2.y; 
ADD R4.x, -R4.y, C[3].w; 
MAD R3.xy, R2, R3.xyww, C[2].z; 
…

ADD R3.xy, R3.xyww, C11.z; 
TEX H5, R3, TEX2, 2D; 
TEX H6, R3, TEX2, 2D;
…

ADD R3.xy, R3.xyww, C11.z; 
TEX H5, R3, TEX2, 2D; 
TEX H6, R3, TEX2, 2D;
…



Programmable units in G PU s
are stream p roc essors
Programmable units in G PU s
are stream p roc essors

• The programmable unit executes a 
computational k ernel f or each input 
element

• S treams consist of  ord ered  elements

Stream
Processor

I1   I2   …   In

Input stream Output stream

O1  O2  …  On

kernel
state



Example:
V er t ex pr o c es s o r
Example:
V er t ex pr o c es s o r

Fragment processor can do more:
I t can read f rom tex tu re memory

Vertex
Processor

V1  V2  …  Vn

Vertex Array Transformed
Vertexes

V1  V2  …  Vn

uniform
values



Previous workPrevious work

• E a r l i e r  p r o g r a m m a b l e  g r a p h i c s  H W
– I k o n a s [England 86]
– P i x a r F L A P  [L e v i nt h al 87 ]
– U N C  P i x e l F l o w [O lano 9 8]
– M u l t i p a s s S I M D :  S G I  I S L  [P e e r c y 0 0 ]

• R e n d e r M a n [H anr ah an9 0 ]
• S t a n f o r d  R T S L  [P r o u df o o t 0 1 ]



Design goalsDesign goals
• E a s i e r  p r o g r a m m i n g  o f  G P U s
• E a s e  o f  a d o p t i o n
• P o r t a b i l i t y  – H W ,  A P I ,  O S
• C o m p l e t e  s u p p o r t  f o r  H W  c a p a b i l i t i e s
• P e r f o r m a n c e  - s i m i l a r  t o  a s s e m b l y
• M i n i m a l  i n t e r f e r e n c e  w i t h  a p p l i c a t i o n  d a t a
• L o n g e v i t y  -- u s e f u l  f o r  f u t u r e  h a r d w a r e
• S u p p o r t  f o r  n o n -s h a d i n g  c o m p u t a t i o n s
N o n -g o a l :  B a c k w a r d  c o m p a t i b i l i t y



Major Design DecisionsMajor Design Decisions



Modular or monolithic
archite cture ?
Modular or monolithic
archite cture ?
• C g  s y s t e m  i s
m o d u l a r

• P r o v i d e s  a c c e s s
t o  a s s e m b l y -l e v e l  
i n t e r f a c e s

• O t h e r  s y s t e m s
c h o s e  d i f f e r e n t l y

• C o m p i l e  o f f -l i n e ,  o r  
a t  r u n  t i m e

Application

OpenGL
API

GPU

Cg common
runtime

(compiler)

Cg
OpenGL
runtime

Cg
Direct3D
runtime

Direct3D
API

The Cg system manages Cg programs AND
the flow of data on which they operate



Specialize for shading?Specialize for shading?
• R e n d e r M a n l a n g u a g e  i s  d o m a i n -s p e c i f i c

– D o m a i n -s p e c i f i c  t y p e s  ( e . g .  “ c o l o r ” )
– D o m a i n -s p e c i f i c  c o n s t r u c t s  ( e . g .  “ i l l u m i n a n c e ” )
– I m p o s e s  a  p a r t i c u l a r  m o d e l  o n  t h e  u s e r

• C  i s  g e n e r a l  p u r p o s e
– A  H W  o r i e n t e d  k e r n e l  l a n g u a g e
– A v o i d s  a s s u m p t i o n s  a b o u t  p r o b l e m  d o m a i n

• C g  f o l l o w s  C ’ s  p h i l o s o p h y
– L a n g u a g e  f o l l o w s  s y n t a x  a n d  p h i l o s o p h y  o f  C
– T a r g e t s  G P U  H W  – p e r f o r m a n c e  t r a n s p a r e n c y
– S o m e  e x c e p t i o n s  – w e  w e r e  n o t  d o g m a t i c



Cg language exampleCg language example
void simpleTransform(float4   objectPosition : POSITION,

float4   color          : COLOR,
float4   decalCoord : TEXCOORD0,

out float4   clipPosition : POSITION,
out float4   Color          : COLOR,
out float4   oDecalCoord : TEXCOORD0,

uniform float    brightness,
uniform float4x4 modelViewProjection)

{
clipPosition = mul(modelViewProjection, objectPosition);
oColor = brightness * color;
oDecalCoord = decalCoord;

}

void simpleTransform(float4   objectPosition : POSITION,
float4   color          : COLOR,
float4   decalCoord : TEXCOORD0,

out float4   clipPosition : POSITION,
out float4   Color          : COLOR,
out float4   oDecalCoord : TEXCOORD0,

uniform float    brightness,
uniform float4x4 modelViewProjection)

{
clipPosition = mul(modelViewProjection, objectPosition);
oColor = brightness * color;
oDecalCoord = decalCoord;

}



One program or two?One program or two?

Vertex program Fragment program

Vertex
Processor

Fragment
Processor

Triangle
Assembly &
Rasterization

Framebuffer
Operations

Fram
ebuffer

Textures

Texture
Decompression

& Filtering

void vprog(float4 objP : POSITION,
float4 color : COLOR,

…

void fprog(float4 t0  : TEXCOORD0,
float4 t1 : TEXCOORD1,

…



How should stream HW be
ex p osed i n  the lan g uag e?
How should stream HW be
ex p osed i n  the lan g uag e?
• B a s i c  o r g a n i z a t i o n :

– S e p a r a t e  p r o g r a m  f o r  e a c h  k e r n e l
– K e r n e l s  m a y  i n c l u d e  c o n t r o l  f l o w  ( S P M D )

• I n p u t s  &  o u t p u t s :
– O n e  i n p u t  s t r e a m ,  o n e  o u t p u t  s t r e a m
– M u l t i p l e  v a r i a b l e s  i n  e a c h  r e c o r d
– N o  c o n d i t i o n a l  i n p u t s  o r  o u t p u t s
– M u l t i p l e  n o n -s t r e a m  i n p u t s  ( “ u n i f o r m ”  v a r s )

• M e m o r y :
– M e m o r y -r e a d  o p e r a t i o n s  O K  w i t h i n  k e r n e l



How should system support 
di f f eren t lev els of  HW ?
How should system support 
di f f eren t lev els of  HW ?

• H W  c a p a b i l i t i e s  c h a n g e  e a c h  g e n e r a t i o n
– D a t a  t y p e s
– S u p p o r t  f o r  b r a n c h  i n s t r u c t i o n s ,  …

• W e  e x p e c t  t h i s  p r o b l e m  t o  p e r s i s t
– F u t u r e  G P U s w i l l  h a v e  n e w  f e a t u r e s

• M a n d a t e  e x a c t l y  o n e  f e a t u r e  s e t ?
– M u s t  s t r a n d  o l d e r  H W  o r  l i m i t  n e w e r  H W

NV20

R200 NV30

R300
R400

NV40
…   ?

NV50



Two options for handling 
H W  diffe re nc e s
Two options for handling 
H W  diffe re nc e s
• E m u l a t e  m i s s i n g  f e a t u r e s ?
– T o o  s l o w  o n  G P U
– T o o  s l o w  o n  C P U ,  e s p e c i a l l y  f o r  
f r a g m e n t  H W

• E x p o s e  d i f f e r e n c e s  t o  p r o g r a m m e r ?
– W e  c h o s e  t h i s  o p t i o n
– D i f f e r e n c e s  e x p o s e d  v i a  subsetting
– A  p r o f il e i s  a  n a m e d  s u b s e t
– C g  s u p p o r t s  f u n c t i o n  o v e r l o a d i n g  b y  
p r o f i l e



Cg is closely related to
oth er recen t lan gu ages
Cg is closely related to
oth er recen t lan gu ages
• M i c r o s o f t  H L S L

– L a r g e l y  c o m p a t i b l e  w i t h  C g
– N V I D I A  a n d  M i c r o s o f t  c o l l a b o r a t e d

• O p e n G L  A R B  s h a d i n g  l a n g u a g e
• A l l  t h r e e  l a n g u a g e s  a r e  s i m i l a r

– O v e r l a p p i n g  d e v e l o p m e n t
– E x t e n s i v e  c r o s s -p o l l i n a t i o n  o f  i d e a s
– D e s i g n e r s  m o s t l y  a g r e e d  o n  r i g h t  a p p r o a c h

• S y s t e m s  a r e  d i f f e r e n t



SummarySummary
• C g  s y s t e m :

– A  s y s t e m  f o r  p r o g r a m m i n g  G P U s
• C g  l a n g u a g e :

– E x t e n d s  a n d  r e s t r i c t s  C  a s  n e e d e d  f o r  G P U ’ s
– E x p r e s s e s  s t r e a m  k e r n e l s
– H W  o r i e n t e d  l a n g u a g e

• D e s i g n e d  t o  a g e  w e l l
– B y  r e i n t r o d u c i n g  m i s s i n g  C  f e a t u r e s



AcknowledgementsAcknowledgements
• L a n g u a g e  c o -d e s i g n e r s  a t  M i c r o s o f t :  C r a i g  P e e p e r  a n d  L o r e n  M c Q u a d e
• I n t e r f a c e  f u n c t i o n a l i t y :  C r a i g  K o l b ,  M a t t  P h a r r
• I n i t i a l  l a n g u a g e  d i r e c t i o n :  C a s s  E v e r i t t
• S t a n d a r d  l i b r a r y :  C h r i s  W y n n
• D e s i g n  a n d  i m p l e m e n t a t i o n  t e a m :G e o f f  B e r r y ,  M i k e  B u n n e l l ,  C h r i s  D o d d ,  W e s  H u n t ,  J a y a n t K o l h e ,  R e v  L e b a r e d i a n ,  N a t h a n  P a y m e r ,  M a t t  P h a r r ,  D o u g  R o g e r s
• D i r e c t o r :  N i c k  T r i a n t o s
• M a n y  o t h e r s  a t  N V I D I A  a n d  M i c r o s o f t
• C o d e  a n d  e x p e r i e n c e  f r o m  S t a n f o r d  R T S L :  K e k o aP r o u d f o o t ,  P a t  H a n r a h a n ,  a n d  o t h e r s



QuestionsQuestions



Backup slidesBackup slides



Two detailed
des ig n  dec is ion s
Two detailed

des ig n  dec is ion s



How to specify a returnable
function param eter?
How to specify a returnable
function param eter?
• C  u s e s  p o i n t e r s

– B u t  n o  p o i n t e r s  o n  c u r r e n t  G P U s
• C + +  u s e s  p a s s -b y -r e f e r e n c e :  f l o a t  & y

– P r e f e r r e d  i m p l e m e n t a t i o n  s t i l l  u s e s  p o i n t e r s
• C g  u s e s  p a s s -b y -v a l u e -r e s u l t

– I m p l e m e n t a t i o n  d o e s n ’ tn e e d  p o i n t e r s

• By using new syntax, we preserve C and  C+ +  syntax f o r th e f uture

void foobar(out float y) {
y = 2*x;
….

void foobar(out float y) {
y = 2*x;
….

void foobar(float *y) {
*y = 2*x;
…

void foobar(float *y) {
*y = 2*x;
…



General mechanism for
su rface/ lig ht  sep arab ilit y
General mechanism for
su rface/ lig ht  sep arab ilit y

• C o n v e n i e n t  t o  p u t  surface a n d  l i g h t c o d e  i n  d i f f e r e n t  m o d u l e s …
– D e c o u p l e s  s u r f a c e  s e l e c t i o n  f r o m  l i g h t  s e l e c t i o n
– P r o v e n  u s e f u l n e s s :  C l a s s i c  O p e n G L ;  R e n d e r M a n ;  e t c .
– W e  l o s t  i t  f o r  a  w h i l e !

• R e n d e r M a n u s e s  a  s p e c i a l i z e d  m e c h a n i s m
• C g  u s e s  a  g e n e r a l -p u r p o s e  m e c h a n i s m

– M o r e  f l e x i b l e
– F o l l o w s  C -l i k e  p h i l o s o p h y

SURFACE 1
LIGHT 1

LIGHT 2
SURFACE 2

LIGHT 3



Light/surface example…
F irst:  D eclare an  in terface
Light/surface example…
F irst:  D eclare an  in terface

Mechanism adapted from Java, C#

// Declare interface to lights
interface Light {

float3 direction(float3 from);
float4 illuminate(float3 p, out float3 lv);

};

// Declare interface to lights
interface Light {

float3 direction(float3 from);
float4 illuminate(float3 p, out float3 lv);

};



Second:  Declare a light 
that im p lem ents  interf ace
Second:  Declare a light 
that im p lem ents  interf ace

Declare an object that
i m p lem ents  the i nterf ace

// Declare object type for point lights
struct PointLight : Light {

float3 pos, color;
float3 direction(float3 p) { return pos - p; }
float3 illuminate(float3 p, out float3 lv) {

lv = normalize(direction(p));
return color;

}
};

// Declare object type for point lights
struct PointLight : Light {

float3 pos, color;
float3 direction(float3 p) { return pos - p; }
float3 illuminate(float3 p, out float3 lv) {

lv = normalize(direction(p));
return color;

}
};



Third: Define surface
t hat  cal l s int erface
Third: Define surface
t hat  cal l s int erface

Call o b j e c t ( s )  v i a t h e  i n t e r f ac e  t y p e

// Main program (surface shader)
float4 main(appin IN, out float4 COUT,

uniform Light lights[ ]) {
...
for (int i=0; i < lights.Length; i++) { // for each light

Cl = lights[i].illuminate(IN.pos, L); // get dir/color
color += Cl * Plastic(texcolor, L, Nn, In, 30); // apply
}

COUT = color;
}

// Main program (surface shader)
float4 main(appin IN, out float4 COUT,

uniform Light lights[ ]) {
...
for (int i=0; i < lights.Length; i++) { // for each light

Cl = lights[i].illuminate(IN.pos, L); // get dir/color
color += Cl * Plastic(texcolor, L, Nn, In, 30); // apply
}

COUT = color;
}


