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Processor Model
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� User model has been very stable for 30 years
� Sequentially executes instructions
� I O  op erations interact w ith  outsid e w orld

� M odel has hi dden the sc ali ng  of tec hnolog y
� E f f iciently transf orm ed  transistors to p erf orm ance
� 8 0 0 8  – 3 , 5 0 0  transistors,  and  ran at 2 0 0 k H z
� P 4  – 4 2 M  transistors,  runs at 3 G H z
� Performance changed from 0.06MIPS to >1000MIPS

� C is a perfect fit to this programming model
� T hey  grew  u p  together …
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The World is About to Change
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� Processor performance will not continue to scale
� We will fall off the current performance curve soon

� M any  factors will cause th is to occur
� V L S I  wire issues ( g lob al structure are hard  to b uild )
� I nsufficient recoverab le I L P
� P ower

� T h is performance g rowth  was partially  an illusion
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Technology Scaling
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� Scaling CMOS has two direct effects:

� D ev ices get sm aller
� Both transistors and wires
� G et m ore p er sq u are m m
� G eneral l y  m eans they  g et c heap er
� E nab l es m ore c om p l ex  dev ic es

� T ransistors get faster
� S o do wires when v iewed the ‘ rig ht’  way
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FO4 Inverter Delay Under Scaling
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� Gate delay varies linearly with process technology (so far)
� U sefu l ru le of thu m b :  D gate =  5 0 0 pS * L drawn at T T L H

� I ssu es with b eing ab le to continu e this scaling
� Some current technologies are faster (le < feature size)
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The World is Growing
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� The problem associated with wires is really due to complexity
� D iag ram shows the log ical span  you reach in  a cycle

� It also show the logical span of a chip
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Range of a Wire in One Clock Cycle
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Architecture Scaling
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� Plot of IPC
� Compiler + IPC
� 1 . 5 x  /  g en era t ion
� U n t il PIII,  n ow  
f a llin g

� T h e r e  i s  a  lot of 
h a r d w a r e  to m a k e  
th i s  h a p p e n
� M a n y  t ra n s is t ors
� L ot s  of  pow er
� L ot s  of  d es ig n ers
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Gates Per Clock
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� Clock speed has been scaling faster than base technology
� N u m ber of F O 4  delays in a cycle has been falling

� N u m ber of gates decrease 
1 . 4 x  each generation 

� Cau sed by:
� Faster circuit families 
( d y n amic lo g ic)

� B etter o p timiz atio n
� B etter micro -arch itecture
� B etter ad d er/ mem arch

� A ll this generally req u ires 
m ore transistors
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Clock Cycle in ‘FO4’
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Gates Per Clock
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� Current SOA machines are at 16 FO4 gates per cycle
� Historical low values (Cray) were at this level

� Ov erhead  f o r sho rt tick  machines gro w s rapid ly
� P ower

� Increases clock power per logic function
� Latency

� F lops are alread y  1 0 -2 0 %  of cy cle tod ay
� Lo g i c r each  g r o w s  s m al l er

� W h at fits in a cy cle ( h ow m any  b its/ gates)  d ecreases
� Difficult to generate a clock at less than 8 FO4 gates

� C ontinued  scaling of gates/ clock w ill b e hard
� P er f o r m ance g ai n f r o m  1 6  F O 4  to  8  F O 4  i s  o nl y 2 0 %  anyh o w
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Coming Opportunity
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� Conventional processor scaling is going to slow down
� Design costs are enormous
� I mp rov ing I P C  is getting h ard er
� I mp rov ing cy cl e time is getting h ard er

� F or perf orm ance need to ex ploit parallelism
� E V 8 ,  P entium 4  – S M T
� P ow er 4  is an ex p l icit mul tip rocessor

� Power 5 is explicit multiprocessor with SMT

� How do we do this well?
� Create other programming models
� M ak e the models matc h V L S I  c onstraints
� D on’ t w orry  ab ou t u niv ersality
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Making Communication Explicit
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� In VLSI, communication is what matters
It is the wires, stupid

� A nother way  of  say ing  this is:
� In VLSI building computation elements is easy
� K eeping th em f eed is h ar d
� H ence,  most of  a moder n pr ocessor  stages data 

� What a computation model that
� M ak es communication ex plicit
� P r ov ides f eedback  to th e pr ogr ammer  about communication
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The “Ideal” VLSI Machine
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� Lots of simple compute units
� Units feed by cheap (in energy, area) sources – l ocal  regs
� R el ativ el y cheap instruction issue l ogic

� M emor y  ( F I F O s)  to d ecouple d a ta  fetch / ex ecute
� Communication takes time (it is the LAW)
� N eed  to enab l e the machine to tol er ate l atency

� Interconnection network with high-b a nd wid th
� And  as smal l  l atency  as p ossib l e

� C onnections  to l a rge b a cking s tore
� M ain memor y  and  d isk 

� S trea m s  a re a  p rogra m m ing m od el  tha t m a tches  this  
m a chine
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Next-G en er a ti o n  A r c h i tec tu r es
� The new design space
� How to use a billion transistors?
� How to ac c om m od ate th e wire d elay s?

� M any  f o r war d l o o k ing ar chit ect u r e ar e addr essing 
t his pr o b l em
� M I T  R aw p roc essor
� S tanf ord  I m ag ine p roc essor
� S tanf ord  S m art M em ories p roc essor
� U T  A ustin T R I P S  p roc essor
� Wisconsin ILDP architecture
� T he orig inal  IB M  B l ueG ene p rocessor
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Next-G en er a ti o n  A r c h i tec tu r es
� MIT Raw processor
� S t an f ord  Im ag i n e processor
� U T A u st i n  TRIP S  processor
� B erk el ey  V IRA M P rocessor
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Wire Delay an d  T iled  A rc h it ec t u res

Make a tile as big as Make a tile as big as 
y o u  c an  go  in  o n e y o u  c an  go  in  o n e 
c lo c k c y c le,  an d  c lo c k c y c le,  an d  
ex p o se lo n ger  ex p o se lo n ger  
c o m m u n ic atio n  to  th e c o m m u n ic atio n  to  th e 
p r o gr am m erp r o gr am m er
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Wire Delay and Tiled Architectures

Make a tile as big as Make a tile as big as 
y o u  c an  go  in  o n e y o u  c an  go  in  o n e 
c lo c k c y c le,  an d  c lo c k c y c le,  an d  
ex p o se lo n ger  ex p o se lo n ger  
c o m m u n ic atio n  to  th e c o m m u n ic atio n  to  th e 
p r o gr am m erp r o gr am m er
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RAW: A Wire Exposed Architecture

� A wire can cross a tile in a single clock cycle
� Wire delay is not a issue in the processor design

� U ltra f ast interconnect network
� E x poses the w ires to the com piler
� C om piler orchestrate the com m unication � hide wire delay

� Defying the Speed of Light

Computation
Resources
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On-C h i p  N e t w o r k s
� 2 Static Networks

� Software configurable crossbar
� 3  cy cle latency  for nearest-
neigh bor A L U  to A L U

� M ust k now p attern at com p ile-tim e
� F low controlled

� 2 D y n am ic Networks
� H ead er encod es d estination 
� F ire and  F orget
� 1 5  cy cle latency  for nearest-neigh bor

Computation
R e s our c e s

S w itc h
P r oc e s s or
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18.2 mm x 18.2 mm

16 Flops/ops per 
cycle

208 Operand Routes / 
cycle

2048 KB L1 SRAM

1657 Pin CCGA Package 

1080 HSTL core-
speed signal I/O

Raw Chip
IBM SA-27E .15u 6L Cu

6.7  Peak GFLOPS (without 
FMAC!)
420 Gb/s on-chip bisection 
bandwidth

@ 225 MHz Worst 
Case 

(Temp, Vdd, 
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Close-up of a single Raw tile

FPU

Static Router
Fetch Unit

Compute
Processor 
Fetch Unit

Compute
Processor
Data  Cache
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Pentium 4

Intel .18u 6L Al
3 
360 KB
1 load, 1 store
217 mm2

.042 Billion
212
2.2GHz

Raw Prototype

Process
Issue Width
On-chip RAM
Memory Ports
Size
Transistors 
Signal Pins
Clock Speed

Raw vs. Pentium

IBM .15u 6L Cu
16
2048 KB
16 of either
330 mm2

.122 Billion
1152
420MHz
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Next-G en er a ti o n  A r c h i tec tu r es
� MIT Raw processor
� S t an f ord  Im ag i n e processor
� U T A u st i n  TRIP S  processor
� B erk el ey  V IRA M P rocessor
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Imagine Stream Processor (Stanford)
� 48 FP arithmetic units

� In 8 VLIW clusters
� S IM D  co ntro l o f  clusters
� E x ecute “ strea m  k ernels”

� T o  k eep  A L U s b usy ,  streams 
o f  d ata are b uf f ered  in 
Stream Register File (SRF)
� SRF is compiler-con t rolled ,  on -ch ip memory
� 1 2 8  K B  – ca n  h old  la rg e st rea ms of  d a t a
� D ist in g u ish es I ma g in e f rom pla in  v ect or processor

� K ern el ex ec u tio n ,  D M A  o p eratio n s,  an d  SRF 
allo c atio n  is o rc h estrated  b y  c o n tro l p ro c esso r



Architectures, Languages, and Compilers for the Streaming Domain
T his slide compliments of W illiam Dally , Stanford U niv ersity 4

Producer-C on s um er L oca l i t y  i n  a  D ep t h  E x t ra ct or
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A Bandwidth Hierarchy exploits kernel 
and produ cer-consu m er locality
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Bandwidth demand of stream programs fits 
b andwidth hierarc hy  of arc hitec tu re
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Prototype HW and SW
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Next-G en er a ti o n  A r c h i tec tu r es
� MIT Raw processor
� S t an f ord  Im ag i n e processor
� U T A u st i n  TRIP S  processor
� B erk el ey  V IRA M P rocessor
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TRIPS (UT Austin)
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Dataflow Execution in TRIPS Core

Bank 0

Moves
Bank M

Bank 1

Bank 2

Bank 3

Bank 0

Bank 1

Bank 2

Bank 3

0 1 2 3

� SPDI: Static Placement, Dynamic Issue
� Instructions execute in dataflow order

� Instructions stream in from left, 
d ata from rig h t

� A L U  C h aining
� P ip eline instruction d istrib ution and  

ex ecution
� S tatic unrolling  for latency  tolerance

LD R,G,B

SMUL K1-3

SHOR

SHOR

ST Y,I,Q

SMUL K4-6 SMUL K7-9

RADD RADD RADD

LD

SMUL

SHOR SHOR ST

SMUL SMUL

RADD RADD RADD
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TRIPS Memory Accesses
Bank 0

Moves
Bank M

Bank 1

Bank 2

Bank 3

Bank 0

Bank 1

Bank 2

Bank 3

0 1 2 3

L2 Cache Banks

Stream register file (SRF) 
(ac c essed  w /  L M W )

Streamin g c h an n els

• I r r e g u l a r  m e m o r y  a c c e s s
• M a p  t o  h a r d w a r e  c a c h e  h i e r a c h y

• R e g u l a r  d a t a  a c c e s s e s
• S u b s e t  o f  L 2  c a c h e  b a n k s  c o n f i g u r e d  a s  S t r e a m  R e g i s t e r  F i l e  ( S R F )
• H i g h  b a n d w i d t h  d a t a  c h a n n e l s  t o  S R F ,  r e d u c e d  a d d r e s s  B W
• D M A  e n g i n e s  t r a n s f e r  b e t w e e n  S R F  a n d  D R A M  o r  o t h e r  S R F s

• C o n s t a n t s  s a v e d  i n  r e s e r v a t i o n  s t a t i o n s  w i t h  c o r r e s p o n d i n g  i n s t r u c t i o n s

L1 Cache
B an k s
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TRIPS:  Desirable Attributes
� Performs well on DLP programs with different attributes

� Synchronous core to minimize synchronization overheads on 
traditional  vector/ stream ap p l ications

� M I M D -l ik e cap ab il ities f or ap p l ications w ith irreg ul ar control
� Sup p ort f or dif f erent typ es of  data structures

� Partitioned and sc alable mic roarc hitec ture
� D ataf l ow  instruction ex ecution
� L imit/ el iminate g l ob al  b roadcast of  instructions/ data

� Dec oupled proc essor c ore
� F rom memory system to enab l e memory f etch p aral l el ism
� F rom other p rocessor cores to enab l e k ernel  p ip el ining

� E ffic ient instruc tion distribution and re-use
� E x p l oit sp atial / temp oral  l ocal ity
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TRIPS Chip
• 4  c o r e s  ( w i t h  s t r e a m i n g  s u p p o r t )
• L 2  c a c h e  a n d  S R F  m e m o r y  b a n k s
• P i p e l i n i n g  a c r o s s  k e r n e l s  m a p p e d  t o  d i f f e r e n t  c o r e s

• Extend to system through off-c hi p  c ha nnel s
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Next-G en er a ti o n  A r c h i tec tu r es
� MIT Raw processor
� S t an f ord  Im ag i n e processor
� U T A u st i n  TRIP S  processor
� B erk el ey  V IRA M P rocessor
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Vector IRAM Approach (UC Berkeley)
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The VIRAM “Stream” Processor

Vector
R eg i s ters

A L UA L U

Vector L a n e
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MIPS 
Core

DMA
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The VIRAM “Stream” Processor
� Vector hardware

� 125M transistors, 13MB DRAM, 0.18um CMOS
� Sing l e  issue , in ord e r, no h ard w are  c ac h e s
� 4 .8 G op s ( 32b ) ,  200MH z , 2W

� Performance
� Evaluated for multimedia, telecom, and scientific apps 
� 1 0 x  over superscalar and V L I W
� Even b etter w ith  a clustered, decoupled vector processor

� See MICRO’02, IPDPS’02, ISCA’03
� “ S t reami ng ”  s oft w are

� C  w ith  prag mas for data-level parallelism
� Su f f i c i en t  f o r  m a n y  a r r a y -b a s ed  a n d  SDF  c o m p u t a t i o n s

� V ectoriz ing  compiler ( b ased on C ray  compiler)
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Initial Performance Study
� From an independent study done at ISI East

� “A Performance Characterization of New Microprocessor Paradigms 
on D ata-I ntensiv e K ernel s”  - J inwoo S u h,  E u n-G y u Kim, Stephen P. 
C r a g o , L a k s hmi Sr iniv a s a n, a nd  M a tthew  C . F r enc h, I SC A  2 0 0 3 .

� Many caveats 
� Hard to do apples-to-apples c om pari son

� Different process generations
� Different cl ock  speed s
� Different tool  ch ains
� Different l angu ages

� O n ly  sm all k ern els
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Prototype Peak Memory Bandwidth and GOPS

� Memory speed
� VIRAM, Imagine, Raw: as fast as processors
� P P C : 2 6 6  MH z  D D R S D RAM
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Overview of Kernels
� Corner turn

� 1K by 1K matrix transpose 
� S ou rc e and  d estination in memory
� O u t of  pl ac e

� Coh erent s i d el ob e c a nc el l er ( CS L C)
� R ad ar sig nal  proc essing
� B asic al l y c onv ol u tion in f req u enc y d omain
� F F T  – M u l tipl ic ation – I F F T

� B ea m  s teeri ng
� R ad ar sig nal  proc essing
� M ostl y l oad / store and  ad d  operations
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Speedup for CT
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� All three architectures obtain almost peak 
memory  band w id th



Architectures, Languages, and Compilers for the Streaming Domain
T his slide compliments of J inw oo Suhm, U SC/ I SI 22

Speedup for CSLC
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Speedup for Beam steering
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Conclusion
� Uniprocessor sca l ing  is nea r it s end

� Wire delay is a big issue
� S t rea m  a rch it ect u res h a v e a  l ot  of  pot ent ia l

� E x p an d sp at ially 
� B alan c e t h e ban dw idt h  h ierarc h y
� M o rp h  gen eral p urp o se subst rat es  

� C a nnot  k eep su pport ing  t h e sa m e ol d  
prog ra m m ing  m od el



Future Work for Architects:  
P rog ra m m in g  L a n g ua g e D esig n
� Why C (FORTRAN, C++ etc.) became very successful?

� Abstracted out the differences of  von Neumann machines
� Register set structure
� F un ctio n a l  un its a n d  ca p a b il ities
� P ip el in e d ep th / w id th
� M em o ry / ca ch e o rga n iz a tio n

� D irectl y  ex p ose the common p rop erties
� S in gl e m em o ry  im a ge
� S in gl e co n tro l -f l o w
� A  cl ea r n o tio n  o f  tim e

� C an have a very  efficient map p ing  to a von Neumann machine
� “C is the portable machine language for von N umann machines”

� Today von Neumann languages are a curse 
� W e have sq ueez ed  out all the performance out of C
� W e can build  more pow erful machines
� B ut,  cannot map C into nex t generation machines
� S w itching to a d ata-flow  programming parad igm w ill help
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