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Streaming Application Domain
• B a s e d  o n  s t r e a m s  o f  d a t a
• I n c r e a s i n g l y  p r e v a l e n t  a n d  i m p o r t a n t

– E m b e d d e d  s y s t e m s
• C e l l  p h o n e s ,  h a n d h e l d  c o m p u t e r s ,  D S P ’ s

– D e s k t o p  a p p l i c a t i o n s
• S t r e a m i n g  m e d i a – R e a l -t i m e  e n c r y p t i o n
• S o f t w a r e  r a d i o - G r a p h i c s  p a c k a g e s

– H i g h -p e r f o r m a n c e  s e r v e r s
• S o f t w a r e  r o u t e r s  
• C e l l  p h o n e  b a s e  s t a t i o n s
• H D T V  e d i t i n g  c o n s o l e s



Developing Stream Programs

Programmability
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Synchronous Dataflow
- L U S T R E - S I G N A L
- S i l a g e - L u c i d

C  /  C + +  /  A sse m b ly
C o m p i l e r -
C o n s c i o u s
L a n g u a g e
D e s i g n



The S t r ea m I t  L a n g u a g e
• A l s o  a  s y n c h r o n o u s  d a t a f l o w  l a n g u a g e

– W i t h  a  f e w  e x t r a  f e a t u r e s
• G o a l s :

– H i g h  p e r f o r m a n c e
– I m p r o v e d  p r o g r a m m e r  p r o d u c t i v i t y

• L a n g u a g e  C o n t r i b u t i o n s :
– S t r u c t u r e d  m o d e l  o f  s t r e a m s
– M e s s a g i n g s y s t e m  f o r  c o n t r o l
– A u t o m a t i c  p r o g r a m  m o r p h i n g

ENABLES
C o m p i l e r  
An a l y s i s  &  
O p t i m i z a t i o n



Outline
• D e s i g n  o f S t r e a m I t

– S t r u c t u r e d  S t r e a m s
– M e s s a g i n g
– M o r p h i n g

• R e s u l t s
• C o n c l u s i o n s
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Representing Streams
• C o n v e n t i o n a l  w i s d o m :  s t r e a m s  a r e  g r a p h s

– G r a p h s  h a v e  n o  s i m p l e  t e x t u a l  r e p r e s e n t a t i o n
– G r a p h s  a r e  d i f f i c u l t  t o  a n a l y z e  a n d  o p t i m i z e
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• C o n v e n t i o n a l  w i s d o m :  s t r e a m s  a r e  g r a p h s

– G r a p h s  h a v e  n o  s i m p l e  t e x t u a l  r e p r e s e n t a t i o n
– G r a p h s  a r e  d i f f i c u l t  t o  a n a l y z e  a n d  o p t i m i z e

• I n s i g h t :  s t r e a m  p r o g r a m s  h a v e  s t r u c t u r e

unstructured structured



• H i e r a r c h i c a l s t r u c t u r e s :
– P i p e l i n e

– S p l i t J o i n

– F e e d b a c k  L o o p

• B a s i c  p r o g r a m m a b l e  u n i t :   F i l t e r

Structured Streams



• H i e r a r c h i c a l s t r u c t u r e s :
– P i p e l i n e

– S p l i t J o i n

– F e e d b a c k  L o o p

• B a s i c  p r o g r a m m a b l e  u n i t :   F i l t e r
• S p l i t s  /  J o i n s  a r e  c o m p i l e r -d e f i n e d

Structured Streams



Representing Filters
• A u t o n o m o u s  u n i t  o f  c o m p u t a t i o n

– N o  a c c e s s  t o  g l o b a l  r e s o u r c e s
– C o m m u n i c a t e s  t h r o u g h  F I F O  c h a n n e l s

- i n p u t . p o p ( ) - i n p u t . p e e k ( i n d e x ) - o u t p u t . p u s h ( v a l u e )
– P e e k  /  p o p  /  p u s h  r a t e s  m u s t  b e  c o n s t a n t

• L o o k s  l i k e  a  J a v a  c l a s s ,  w i t h
– A n  i n i t i a l i z a t i o n  f u n c t i o n  
– A  s t e a d y -s t a t e  “ w o r k ”  f u n c t i o n
– M e s s a g e  h a n d l e r  f u n c t i o n s

• I m p l e m e n t a t i o n  h a s  n o t h i n g  t o  d o  w i t h  J a v a



class L o w P assF i lt e r e x t e n d s Filter {
f lo at [ ]  w e i g h t s;
v o i d in it(i n t  N) {

w e i g h t s = calcW e i g h t s(N);
s etP u s h (1 ); s etP o p (1 ); s etP eek (N);
s etI n p u t(F lo at . T Y P E ); s etO u tp u t(F lo at . T Y P E );

}
v o i d w o rk () {

f lo at r e su lt =  0 ;
f o r (i n t i = 0 ; i < w e i g h t s. le n g t h ; i + + ) {

r e su lt  + =  w e i g h t s[ i ]  *  in p u t. p eek (i );
}
o u tp u t. p u s h (r e su lt );
in p u t. p o p ();

}
}

Filter Example:  L o w P as s Filter
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class F M R ad i o e x t e n d s Pipeline {
v o i d init ()  {
a d d (n e w D at aS o u r ce () ) ;
a d d (n e w L o w P assF i lt e r () ) ;
a d d (n e w F M D e m o d u lat o r () ) ;
a d d (n e w E q u ali z e r (8 ) ) ;
a d d (n e w S p e ak e r () ) ;
}
}

Pipeline Example:  FM Radio

FMDemodulator

L ow P as s Fi lter

DataS ourc e

E q uali z er

S p eak er
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L ow P as s Fi lter
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class F M R ad i o e x t e n d s Pipeline {
v o i d init ()  {
a d d (n e w D at aS o u r ce () ) ;
a d d (n e w L o w P assF i lt e r () ) ;
a d d (n e w F M D e m o d u lat o r () ) ;
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class E q u aliz e r e x t e n d s Pipeline {
v o id init (in t N)  {
a d d (n e w S plit J o in()  {
v o id init ()  {
s et S plit t er (D u plic a t e() ) ;
f lo at f r e q =  1 0 0 0 0 ;
f o r (in t i =  0 ;  i <  N;  i + + ,  f r e q * = 2 ) {
a d d (n e w B an d P assF ilt e r (f r e q ,  2 * f r e q ) ;

}
s et J o iner (R o u nd R o b in() ) ;

}}) ;
a d d (n e w A d d e r (N) ) ;

}
}

Duplicate

SplitJoin E x a m ple :   E q u a liz e r

B P F B P F B P F

A d d er

R o un d R o b in  ( 1 )



Why Structured Streams?
• C o m p a r e  t o  s t r u c t u r e d  c o n t r o l  f l o w

• T r a d e o f f :
PRO: - m o r e  r o b u s t - m o r e  a n a l y z a b l e
C ON : - “ r e s t r i c t e d ”  s t y l e  o f  p r o g r a m m i n g

GOTO statements I f  /  el se /  f o r  statements



Structure Helps Programmers
• M o d u l e s  a r e  h i e r a r c h i c a l  a n d  c o m p o s a b l e

– E a c h  s t r u c t u r e  i s  s i n g l e -i n p u t ,  s i n g l e -o u t p u t

• E n c a p s u l a t e s  c o m m o n  i d i o m s
• G o o d  t e x t u a l  r e p r e s e n t a t i o n

– E n a b l e s  p a r a m e t e r i z a b l e  g r a p h s



N-E l e m e n t  M e r g e  S o r t  ( 3 -l e v e l )

Sort Sort Sort Sort Sort Sort Sort Sort

M e rg eM e rg e M e rg e M e rg e

M e rg e M e rg e

M e rg e

N/2 N/2

N/4 N/4 N/4 N/4
N/8 N/8 N/8 N/8 N/8 N/8 N/8 N/8

N



N-E l e m e n t  M e r g e  S o r t  ( K -l e v e l )
class M e r g e S o r t e x t e n d s P i p e li n e {
v o i d i n i t (i n t N,  i n t K)  {
i f (K= = 1 )  {
ad d (n e w S o r t (N) ) ;

} e lse {
ad d (n e w S p li t J o i n ()  {
v o i d i n i t ()  {
se t S p li t t e r (R o u n d R o b i n () ) ;
ad d (n e w M e r g e S o r t (N/ 2 ,  K-1 ) ) ;
ad d (n e w M e r g e S o r t (N/ 2 ,  K-1 ) ) ;
se t J o i n e r (R o u n d R o b i n () ) ;

}}) ;
}
ad d (n e w M e r g e (N) ) ;

}
}



Structure Helps Compilers 
• E n a b l e s  l o c a l ,  h i e r a r c h i c a l  a n a l y s e s

– S c h e d u l i n g
– O p t i m i z a t i o n
– P a r a l l e l i z a t i o n
– L o a d  b a l a n c i n g
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Structure Helps Compilers 
• E n a b l e s  l o c a l ,  h i e r a r c h i c a l  a n a l y s e s

– S c h e d u l i n g
– O p t i m i z a t i o n
– P a r a l l e l i z a t i o n
– L o a d  b a l a n c i n g

• D i s a l l o w s n o n -s e n s i c a l g r a p h s
• S i m p l i f i e s  s e p a r a t e  c o m p i l a t i o n

– A l l  b l o c k s  s i n g l e -i n p u t ,  s i n g l e -o u t p u t



CON:  Restricts Coding Style
• S o m e  g r a p h s  n e e d  
t o  b e  r e -a r r a n g e d

• E x a m p l e :  F F T
Bit-r e v e r s e  
o r d e r
Bu tte r f l y  ( 2  w a y )

Bu tte r f l y  
( 4  w a y )

Bu tte r f l y  ( 8  w a y )

R o u n d R o b in  ( 2 )

p u s h ( p o p ( ) ) p u s h ( p o p ( )  *  w [ … ] )

D u p l ic a te

p u s h ( p o p ( )  +  p o p ( ) ) p u s h ( p o p ( )  – p o p ( ) )

R o u n d R o b in  ( 1 )

R o u n d R o b in  ( 2 )



Outline
• D e s i g n  o f S t r e a m I t

– S t r u c t u r e d  S t r e a m s
– M e s s a g i n g
– M o r p h i n g

• R e s u l t s
• C o n c l u s i o n s



• S t r u c t u r e s  f o r  r e g u l a r ,  h i g h -b a n d w i d t h  d a t a
• B u t  a l s o  n e e d  a  c o n t r o l  m e c h a n i s m  f o r  
i r r e g u l a r ,  l o w -b a n d w i d t h  e v e n t s

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

Control Messages



• O p t i o n  1 :   E m b e d  m e s s a g e  i n  s t r e a m
PRO: - m e t h o d  a r r i v e s  w i t h  d a t a
C ON : - c o m p l i c a t e s  f i l t e r  c o d e

- c o m p l i c a t e s  s t r u c t u r e

• O p t i o n  2 :   S y n c h r o n o u s  m e t h o d  c a l l
PRO: - d e l i v e r y  t r a n s p a r e n t  t o  u s e r
C ON : - t i m i n g  i s  u n c l e a r

- l i m i t s  p a r a l l e l i s m

Supporting Control Messages
• O p t i o n  1 :   E m b e d  m e s s a g e  i n  s t r e a m

PRO: - m e s s a g e  a r r i v e s  w i t h  d a t a
C ON : - c o m p l i c a t e s  f i l t e r  c o d e

- c o m p l i c a t e s  s t r u c t u r e
- r u n t i m e  o v e r h e a d



• L o o k s l i k e  m e t h o d  c a l l ,  b u t  s e m a n t i c s d i f f e r

– N o  r e t u r n  v a l u e
– A s y n c h r o n o u s d e l i v e r y
– C a n  b r o a d c a s t  t o  m u l t i p l e  t a r g e t s

StreamIt Messaging System

void raiseVolume(int v) {
my Volume + =  v;
}



• L o o k s l i k e  m e t h o d  c a l l ,  b u t  s e m a n t i c s d i f f e r

• T i m e d r e l a t i v e  t o  d a t a
– U s e r  g a i n s  p r e c i s i o n ;  c o m p i l e r  g a i n s  f l e x i b i l i t y

• L o o k s l i k e  m e t h o d  c a l l ,  b u t  s e m a n t i c s d i f f e r

– N o  r e t u r n  v a l u e
– A s y n c h r o n o u s d e l i v e r y
– C a n  b r o a d c a s t  t o  m u l t i p l e  t a r g e t s

StreamIt Messaging System

void work () {
T a rg e t F il t e r x ;
…
if  (l owV ol u m e ())
x . ra is e V ol u m e (1 0 );

}



Message Timing
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Message Timing

A

B

• A  s e n d s  m e s s a g e  t o  B  w i t h  z e r o  l a t e n c y

D i s t a n c e
b e t w e e n  
w a v e f r o n t s
m i g h t  h a v e
c h a n g e d
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Rationale
• B e t t e r  f o r  t h e  p r o g r a m m e r

– S i m p l i c i t y  o f  m e t h o d  c a l l
– P r e c i s i o n  o f  e m b e d d i n g  i n  s t r e a m

• B e t t e r  f o r  t h e  c o m p i l e r
– P r o g r a m  i s  e a s i e r  t o  a n a l y z e

• N o  c o d e  f o r  t i m i n g  /  e m b e d d i n g
• N o  c o n t r o l  c h a n n e l s  i n  s t r e a m  g r a p h

– C a n  r e o r d e r  f i l t e r  f i r i n g s ,  r e s p e c t i n g  c o n s t r a i n t s
– I m p l e m e n t  i n  m o s t  e f f i c i e n t  w a y



Outline
• D e s i g n  o f S t r e a m I t

– S t r u c t u r e d  S t r e a m s
– M e s s a g i n g
– M o r p h i n g

• R e s u l t s
• C o n c l u s i o n s



Dynamic Changes to Stream
• S t r e a m  s t r u c t u r e  n e e d s  t o  c h a n g e

• E x a m p l e s
– S w i t c h  r a d i o  f r o m  A M  t o  F M
– C h a n g e  f r o m  B l u e t o o t h  t o  8 0 2 . 1 1  

P r o g r a m  
“ M o r p h i n g ”



Dynamic Changes to Stream
• S t r e a m  s t r u c t u r e  n e e d s  t o  c h a n g e

• C h a l l e n g e s  f o r  p r o g r a m m e r :
– S y n c h r o n i z i n g  t h e  b e g i n n i n g ,  e n d  o f  m o r p h i n g
– P r e s e r v i n g  l i v e  d a t a  i n  t h e  s y s t e m
– E f f i c i e n c y



Morphing in StreamIt
• S e n d  m e s s a g e  t o  “ i n i t ”  t o  m o r p h  a  s t r u c t u r e

class E q u ali z e r e x t e n d s Pipeline {
v o i d init  (i n t N)   { …  }

}



Morphing in StreamIt
• S e n d  m e s s a g e  t o  “ i n i t ”  t o  m o r p h  a  s t r u c t u r e

class E q u ali z e r e x t e n d s Pipeline {
v o i d init  (i n t N)   { …  }

}
m y E q u ali z e r . i n i t  (6 ) ;



Morphing in StreamIt
• S e n d  m e s s a g e  t o  “ i n i t ”  t o  m o r p h  a  s t r u c t u r e

– W h e n  m e s s a g e  a r r i v e s ,  s t r u c t u r e  i s  r e p l a c e d
– L i v e  d a t a  i s  a u t o m a t i c a l l y  d r a i n e d

class E q u ali z e r e x t e n d s Pipeline {
v o i d init  (i n t N)   { …  }

}
m y E q u ali z e r . i n i t  (6 ) ;



Rationale
• P r o g r a m m e r  w r i t e s  “ i n i t ”  o n l y  o n c e

– N o  n e e d  f o r  c o m p l i c a t e d  t r a n s i t i o n s
• C o m p i l e r  o p t i m i z e s  e a c h  p h a s e  s e p a r a t e l y

– B e n e f i t s  f r o m  a n t i c i p a t i o n  o f  p h a s e  c h a n g e s



Outline
• D e s i g n  o f S t r e a m I t

– S t r u c t u r e d  S t r e a m s
– M e s s a g i n g
– M o r p h i n g

• R e s u l t s
• C o n c l u s i o n s



Implementation
• P r o t o t y p e  S t r e a m I t  c o m p i l e r  c o m p l e t e
• B a c k e n d s :

– U n i p r o c e s s o r
– R A W :   A  t i l e d  a r c h i t e c t u r e  

w i t h  f i n e -g r a i n e d ,
p r o g r a m m a b l e  
c o m m u n i c a t i o n

• E x t e n d e d  K O P I ,  o p e n -s o u r c e  J a v a  c o m p i l e r



Results
• D e v e l o p e d  a p p l i c a t i o n s  i n  S t r e a m I t

– G S M  D e c o d e r - F F T
– F M  R a d i o - M a t r i x  m u l t i p l y
– B e a m F o r m e r - C R C  E n c o d e r / D e c o d e r

• L o a d -b a l a n c i n g  t r a n s f o r m a t i o n s  i m p r o v e  
p e r f o r m a n c e  o n  R A W

…

Vertical 
F u s io n

Vertical 
F is s io n

…

H o riz o n tal 
F u s io n

H o riz o n tal 
F is s io n



Example: BeamFormer (Original)
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Example: BeamFormer (Original)

570 MFLOPS

1 1 0, 000 c y c l e s
i t e m1 1 0, 000
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Example: BeamFormer
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Example: BeamFormer (Balanced)
Splitter
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Example: BeamFormer (Balanced)

1120 MFLOPS

110, 000 c y c l e s
i t e m5 5 , 000



Outline
• D e s i g n  o f S t r e a m I t

– S t r u c t u r e d  S t r e a m s
– M e s s a g i n g
– M o r p h i n g

• R e s u l t s
• C o n c l u s i o n s



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

• G o a l :   S t r e a m  p r o g r a m m i n g  a t  h i g h  l e v e l  o f  
a b s t r a c t i o n  w i t h o u t  s a c r i f i c i n g  p e r f o r m a n c e



For More Information

http://compiler.lcs.mit.edu/streamit
S treamI t H omepag e


