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Two processors inside today’s PCsTwo processors inside today’s PCs

CPU

Memory

Input/Output Glue Chip
(“ South Bridge” )

Graphics
Processor

Memory Controller Chip
(“ North Bridge” )

Memory

Memory

Memory

Disk, Keyboard, etc.

55 Million
transistors

125 Million
transistors
(GeForce FX, .13u)(Pentium4, .13u, 512KB L2$)

The market still wants
higher performance for
3D rendering



What is rendering?What is rendering?
Given a description of a 3D scene, generate a 2D 
image of the scene for a particular viewpoint and
view direction.

Toy Story
Image Courtesy of Disney



Computational tasks may include…Computational tasks may include…

• T r a n s f o r m i n g  b e t w e e n  d i f f e r e n t  c o o r d i n a t e  
s y s t e m s

• V i s i b i l i t y  d e t e r m i n a t i o n
( i . e .  s e l e c t i n g  n e a r e s t  s u r f a c e  a l o n g  a  r a y )

• S i m u l a t i o n  o f  s u r f a c e / l i g h t  i n t e r a c t i o n
– “ l o c a l  i l l u m i n a t i o n ” ,  o r  “ s h a d i n g ”

• S i m u l a t i o n  o f  g l o b a l  l i g h t  t r a n s p o r t
– “ g l o b a l  i l l u m i n a t i o n ”

• G e n e r a l  d a t a  m a n a g e m e n t
• A n d  p e r h a p s  o t h e r  k i n d s  o f  s i m u l a t i o n



A large variety of algorithms can be 
u sed  for rend ering
A large variety of algorithms can be 
u sed  for rend ering

• Z-b u f f e r  w i t h  l o c a l  i l l u m i n a t i o n
( t o d a y ’ s  g r a p h i c s  H W )

• R a y  t r a c i n g
• M o r e  g e n e r a l  M o n t e  C a r l o  t e c h n i q u e s
• R a d i o s i t y
( s o l v e  s p a r s e  s y s t e m  o f  l i n e a r  e q u a t i o n s )

• D a t a b a s e  l o o k u p  ( i m a g e  b a s e d  r e n d e r i n g )
• H y b r i d s  o f  t h e  a b o v e ;  a n d  m o r e
• C o m p u t a t i o n s  a r e  h i g h l y  p a r a l l e l i z a b l e



Z-b u f f e r  r e n d e r i n g  – o b j e c t  o r d e rZ-b u f f e r  r e n d e r i n g  – o b j e c t  o r d e r

1) Project 3D object onto 2D image plane

2) Compute object color and distance at each pixel

3) Store color in image, if new distance is less than old

viewpoint

image plane

objects



Ray tracing – im age  o rd e rRay tracing – im age  o rd e r

[source: SIGGRAPH 91 Education Slides]

viewpoint

image plane
objects



Why is there so many different 
ap p roac hes to rendering ?
Why is there so many different 
ap p roac hes to rendering ?
• W e  a r e  c o m p u t i n g  a n  approximate solution.
• T h e  q u a l i t y  o f  t h e  r e s u l t  i s  m e a s u r e d

a f t e r  h uman perc eption.
– T h i s  s p a c e  i s  v e r y  c o m p l e x  a n d  t a s k  d e p e n d e n t
– M a n y  a p p r o x i m a t i o n s  a r e  O K

• S o m e  a p p l i c a t i o n s  c a n  b e  c o n s t r a i n e d  t o  a v o i d  w e a k n e s s e s  
o f  a l g o r i t h m s !
– E s p e c i a l l y  g a m e s

• G o a l  b e c o m e s :  b e s t  i m a g e  f o r  $ X X X .X X
• Y e s ,  t h i s  i s  a  v a g u e  g o a l

– T h i s  m a k e s  r e n d e r i n g  d i f f e r e n t  f r o m  m o s t  o t h e r  c o m p u t a t i o n s
– C h a l l e n g i n g  t o  a p p l y  c l a s s i c a l  q u a n t i t a t i v e  a n a l y s i s
– C o n t r a s t  w i t h  g o a l  o f  r u n n i n g  S P E C  a n d  T P C  f a s t e r
– O f t e n ,  r e s e a r c h e r s  s o l v e  y e s t e r d a y ’ s  g r a p h i c s  p r o b l e m s



In the longer term, graphics hardware 
goes throu gh discontinu ities
In the longer term, graphics hardware 
goes throu gh discontinu ities

Source: John Poulton



In the shorter term, hardware
strong l y  i nf l u enc es ap p l i c ati ons
In the shorter term, hardware
strong l y  i nf l u enc es ap p l i c ati ons

Graphics
Architectures

Graphics
Applications

(e.g. games)



Graphics HW is now 
prog ram m ab l e
Graphics HW is now 
prog ram m ab l e

...
L2weight = timeval - floor(timeval);
L1weight = 1.0 - L2weight;
ocoord1  = floor(timeval)/64.0 + 1.0/128.0;
ocoord2  = ocoord1 + 1.0/64.0;
L1offset = tex2D(tex2, float2(ocoord1, 1.0/128.0));
L2offset = tex2D(tex2, float2(ocoord2, 1.0/128.0));
...

...
L2weight = timeval - floor(timeval);
L1weight = 1.0 - L2weight;
ocoord1  = floor(timeval)/64.0 + 1.0/128.0;
ocoord2  = ocoord1 + 1.0/64.0;
L1offset = tex2D(tex2, float2(ocoord1, 1.0/128.0));
L2offset = tex2D(tex2, float2(ocoord2, 1.0/128.0));
...

Industry goal:
“ Toy Story in real time”

High-level programming languages:
e.g. Cg – C for graphics processors



But, programmability is embedded 
w ith in  h ardw ired Z -buf f er pipelin e
But, programmability is embedded 
w ith in  h ardw ired Z -buf f er pipelin e

Application
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Processor
Fragment
Processor
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Vertex
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CPU Graphics Processor

Embedding limits the usefulness of the programmability:
limited communication, synchronization, memory accesses



Some current trendsSome current trends

• N e x t  f r o n t i e r  i n  i m a g e  q u a l i t y  i s  g l o b a l  
i l l u m i n a t i o n :
� Shadows
� P r e c om p u t e d ap p r ox i m at i on s
� R ay  t r ac i n g  – e sp e c i al l y  f or  dy n am i c  sc e n e s

• Z-b u f f e r  a l g o r i t h m  i s  i l l -s u i t e d  t o  t h e s e  
c h a l l e n g e s
� D i f f i c u l t y  e v e n  wi t h shadows

• B e n e f i t s  o f  s p e c i a l i z a t i o n  i n  g r a p h i c s  H W  a r e  
d e c r e a s i n g
� F oc u s f or  p e r f or m an c e  g r owt h i s on  p r og r am m ab l e  

p ar t s of  H W



Where we are todayWhere we are today

CPU

Very flexible

P o o r p erfo rm a n c e o n  h ig h ly
p a ra lleliz a ble c o d e

G r a p h i c s  Pr o c e s s o r

H ig h ly s p ec ia liz ed

H ig h  p erfo rm a n c e p a ra llel
c o m p u t er



Inspiration from other areas:
S marter al g orithms w in
Inspiration from other areas:
S marter al g orithms w in
• T h e s e  a l g o r i t h m s  w i l l  n o t  

r u n  w e l l  o n  t o d a y ’ s  
s p e c i a l i z e d  g r a p h i c s  
p r o c e s s o r s .

• T h e y  n e e d :
– r e a d / w r i t e  c a c h e s
– M I M D  c o n t r o l  f l o w
– I n t e r -p r o c e s s o r  
c o m m u n i c a t i o n

Adaptive meshing for finite element analysis
Source: D. Mavriplis

Other classes of simulation
have switched to adaptive
algorithms



Today’s graphics architecturesToday’s graphics architectures



Modern G P U sModern G P U s

Vertex
Processor

Fragment
Processor

Triangle
Assembly &
Rasterization

Framebuffer
Operations

Fram
ebuffer

Textures

Texture
Filtering &

Decompression

= Programmable

= Not programmable – hardwired algorithms



Modern G P U sModern G P U s
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Inside a G P U ’ s
st r eam  p r o c esso r
Inside a G P U ’ s
st r eam  p r o c esso r

Stream input
Registers

ALU
32 x 4 bits wide

Stream output
Registers

“uniform”
input

registers

Temporary
Registers

instructions

Filtered Textures
(from “read-only” memory)

Set by CPU

Each architecture has (different)
limits on number of registers,
instructions, etc.



Example instructionsExample instructions

• S h o r t -v e c t o r  a r i t h m e t i c
ADD R0, R1.wzxy, R2.xyzw

• S c a l a r  a r i t h m e t i c
RS Q  R3 .x, R4 .x

• S p e c i a l i z e d  a r i t h m e t i c
L I T  R0, R1

• T e x t u r e  l o o k u p :
T E X  R5 , R4 , T E X 5 , 2D

• C o n t r o l  f l o w
B RA t a r g e t , ( E Q .x)



Some more details…Some more details…

Vertex
Processor

Fragment
Processor

Triangle
Assembly &
Rasterization

Framebuffer
Operations

Fram
ebuffer

Textures

Texture
Filtering &

Decompression

= Programmable

= Not programmable – hardwired algorithms

SPMD SIMD

CACHE

CACHE CACHE

“looping”

Don’t take this
figure too literally



Coming soon – v e r t e x  t e x t u r e sComing soon – v e r t e x  t e x t u r e s
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Current HW summaryCurrent HW summary

• L i m i t s  o n  m o s t  r e s o u r c e s
– e . g .  n u m b e r  o f  t e m p o r a r y  r e g i s t e r s ,  i n s t r u c t i o n  c o u n t

• S u p p o r t e d  f u n c t i o n a l i t y :
– M o s t  a r i t h m e t i c  o p e r a t i o n s  ( e x c e p t  b i t w i s e / i n t )
– C o n t r o l  f l o w ,  i n  v e r t e x  p r o c e s s o r
– R e a d  f r o m  m e m o r y

• M i s s i n g  f u n c t i o n a l i t y :
– I n t e r -p r o c e s s o r  c o m m u n i c a t i o n ,  s y n c h r o n i z a t i o n
– W r i t e  t o  m e m o r y  u s i n g  c o m p u t e d  a d d r e s s  ( s c a t t e r )
– E f f i c i e n t  r e d u c t i o n  o p e r a t i o n s
– C o n d i t i o n a l  s t r e a m s



Why is graphics hardware fast?Why is graphics hardware fast?



Why is graphics HW fast?Why is graphics HW fast?

• S p e c i a l i z a t i o n
– I m p o r t a n c e  i s  d e c r e a s i n g ,
p a r t i c u l a r l y  f o r  a r i t h m e t i c

• P a r a l l e l i z a t i o n
– I m p o r t a n c e  i s  i n c r e a s i n g



Traditional Specializations
( 1  &  2 )  
Traditional Specializations
( 1  &  2 )  

• L o w -p r e c i s i o n ,  f i x e d -p o i n t  a r i t h m e t i c
– F o r  t e x t u r e  f i l t e r i n g ,  f r a m e b u f f e r b l e n d
– B u t ,  p r o g r a m m a b l e  u n i t s  g o i n g  t o  F P 3 2

• F i x e d  a l g o r i t h m  – p u r e  d a t a p a t h H W
– N e v e r  c o m p l e t e l y  t r u e  f o r  v e r t e x  o p s
– N o w  g o n e  f o r  f r a g m e n t  o p s  t o o
– S t i l l  i m p o r t a n t  f o r  r a s t e r i z a t i o n



Traditional Specializations
( 3  &  4 )
Traditional Specializations
( 3  &  4 )

• C u s t o m i z e d  m e m o r y -a c c e s s  m a n a g e m e n t
– C a c h i n g ,  l a t e n c y  h i d i n g ,
b a t c h i n g  o f  m e m o r y  r e q u e s t s ,
t e x t u r e  d e c o m p r e s s i o n

– S p e c i a l i z a t i o n  s t i l l  i m p o r t a n t ,  b u t  
p r o g r a m m a b i l i t y  f o r c e s  m o r e  g e n e r a l i t y  

• S y n c h r o n i z a t i o n  a n d  c o m m u n i c a t i o n
– T o  m a i n t a i n  i n -o r d e r  r e n d e r i n g  s e m a n t i c s
– F o r  a t o m i c  R / M / W  b l e n d ,  Z -t e s t  o p e r a t i o n s
– T o  c o m p u t e  m i p m a p l e v e l
– S p e c i a l i z a t i o n  s t i l l  i m p o r t a n t  h e r e



ParallelizationParallelization

• Z-b u f f e r  a l g o r i t h m  i s  p a r a l l e l i z a b l e
– M a n y  t r i a n g l e s ,  v e r t i c e s ,  f r a g m e n t s
– P r o g r a m m i n g  m o d e l s  i n s u r e  p a r a l l e l i s m

• W h y  i s  t h i s  g o o d ?
– H i g h e r  a r i t h m e t i c  p e r f o r m a n c e  ( d u h ! )
– O n  c a c h e  m i s s ,  c a n  d o  o t h e r  w o r k
– A l l o w s  m e m o r y  s y s t e m  t o  b e  o p t i m i z e d  f o r  
t h r o u g h p u t  i n s t e a d  o f  l a t e n c y

• V e r y  d i f f e r e n t  f r o m  C P U s



NVIDIA H i s t o r i c a l sNVIDIA H i s t o r i c a l s

Yearly growth well above CPU rate of ~1.5

1.54 80 01.66 5G e F o r c e 41H 0 2
10 .23 2 0 01.74 0G e F o r c e 31H 0 1
2 .310 0 01.53 1G e F o r c e 2  U l t r a2 H 0 0
1.96 6 62 .82 5G e F o r c e 2  G T S1H 0 0
2 .14 803 .515G e F o r c e2 H 9 9
3 .43 3 31.08R i v a  T N T 21H 9 9
3 .21801.05R i v a  T N T2 H 9 8
1.010 01.05R i v a  Z X1H 9 8
-10 0-5R i v a  12 82 H 9 7

Y r  r a t eM f r a g / s e cY r  r a t eM t r i / s e cP r o d u c tS e a s o n

1.8 2 .4Source: Kurt Akeley, NVIDIA



Two parallel
c om pu t at i on  m od els
Two parallel
c om pu t at i on  m od els

• S t r e a m  p r o c e s s o r
• S h a r e d -m e m o r y  m u l t i p r o c e s s o r



Full stream proc     GPUFull stream proc     GPU

Current GPU’s
(efficient Z-buffer rendering,
with programmable shading)

Full stream
programming

(e.g. Imagine processor)

GPU stream
programming

- Tagged caches
- R/M/W blend,Z
- etc.

- Scatter to memory
- Conditional kernel outputs
- Efficient reduction
- etc.

Fortunately, many of the more general stream programming features that today’s
GPU’s lack could be added with minimal impact on cost and rendering performance



Another parallel model:
s hared-memory  M I M D
Another parallel model:
s hared-memory  M I M D

• M o r e  f l e x i b l e  t h a n  s t r e a m  m o d e l
– B u t  m o r e  e x p e n s i v e  – c o m m u n i c a t i o n ,  I -m e m
– H o w  m u c h  o f  t h i s  f l e x i b i l i t y  i s  w o r t h  t h e  c o s t ?

• M u l t i -c h i p  e x a m p l e s :
– S G I  O r i g i n ,  S u n  E n t e r p r i s e ,  e t c .

• P r o g r a m m i n g  m o d e l
– L o t s  o f  p r o c e s s o r s ,  e a c h  c a n  r u n  d i f f e r e n t  c o d e
– P r o c e s s o r s  s h a r e  a n  a d d r e s s  s p a c e
– B u i l t -i n  s u p p o r t  f o r  s y n c h r o n i z a t i o n ,  e t c .
– U s e  a  l i b r a r y  l i k e  ‘ p t h r e a d s ’



O'Connor, Mike. "Inside the iFlow 20Gbps Packet Processor,”
2002 Embedded Processor Forum. 

A current example –
netw o rk  pro ces s o r
A current example –
netw o rk  pro ces s o r



SummarySummary

• T h e  p r o g r a m m a b l e  e n g i n e s i n  c u r r e n t  G P U ’ s c a n  b e  t h o u g h t  o f  a s  l i m i t e d  s t r e a m  p r o c e s s o r s
– O t h e r  p a r t s  o f  G P U  a r e  l e s s  s t r e a m -l i k e
– G P U ’ s c o u l d  b e c o m e  g o o d  s t r e a m  p r o c e s s o r s
– S t r e a m  p r o c e s s o r s  d o n ’ t  m a k e  g o o d  G P U ’ s

• F u t u r e  G P U ’ s c o u l d  i n c o r p o r a t e  a d d i t i o n a ls t r e a m -p r o c e s s i n g  f u n c t i o n a l i t y
– I n c r e m e n t a l  c h a n g e  f r o m  t o d a y ’ s  d e s i g n s

• B u t  t h a t  m a y  n o t  b e  t h e  e n d  o f  t h e  s t o r y
– M o r e  g e n e r a l  p a r a l l e l  c o m p u t a t i o n  m o d e l s  a r e  a t t r a c t i v e  t os u p p o r t  d i f f e r e n t  g r a p h i c s  a l g o r i t h m s

• P a r t i c u l a r l y  t h e  c r e a t i o n  o f  d y n a m i c  d a t a  s t r u c t u r e s
– I s  t h e  c o s t  w o r t h  i t ?
– W e  w o u l d  s t i l l  w a n t  s u p p o r t  f o r  s t r e a m  p r o g r a m m i n g



The EndThe End


