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Conventional DSP Design Flow

DSP Optimizations

R e w r ite  th e  
pr og r am

De sig n th e  Datapath s
(no control flow)

A r c h ite c tu r e -spe c if ic
Optimizations
(performance, 
pow er, cod e s i z e)

S p e c.  (d a ta -flow d i a g ra m )

C oe ffi ci e nt T a b le s

C / A s s e m b ly  C od e

Signal Processing Expert 
in M atlab

Sof tw are Engineer
in C  and  A ssem b ly
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Design Flow with StreamIt

DSP Optimizations

Str e amI t Pr og r am
( d ataf l ow  +  c ontr ol )

A r c h ite c tu r e -Spe c if ic
Optimizations

C/Assembly Code

Ap p li c a t i on -L ev el D esi g n

StreamIt compiler

A pplication  P rog rammer
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Design Flow with StreamIt
� Benefits of programming in a 
singl e,  h igh -l ev el  ab strac tion
� Modular 
� C om p os ab le
� P ort ab le
� Malle ab le

� T h e C h al l enge:  M aintaining 
P erformanc e
� R e p lac i n g  E x p e rt  D S P  E n g i n e e r
� R e p lac i n g  E x p e rt  A s s e m b ly  
H ac k e r

DSP Optimizations

Str e amI t Pr og r am
( d ataf l ow  +  c ontr ol )

A r c h ite c tu r e -Spe c if ic
Optimizations

C/Assembly Code

Ap p li c a t i on -L ev el D esi g n
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Our Focus:  Linear Filters
� Most common target of DSP optimizations

� FIR filters
� C o m p resso rs
� E x p a n d ers
� D FT / D C T

� E x ampl e optimizations:
� C o m b in in g  A d j a c en t N o d es
� T ra n sla tin g  to  Freq u en c y  D o m a in

O u tp u t is w eig h ted  su m  o f in p u ts
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Representing Linear Filters
� A linear filter is a tuple ‚A ,  b ,  o Ú

� A:  matrix of coefficients
� b :  v ector of constants
� o:  nu mb er of items p op p ed

� Example
yx 

1

1

= x A + b1
1‚A, b, oÚ1
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Representing Linear Filters
� A linear filter is a tuple ‚A ,  b ,  o Ú

� A:  matrix of coefficients
� b :  v ector of constants
� o:  nu mb er of items p op p ed

� Example

1

1

2 1
1 2A =

o  = 1
1 1b  =1
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Extracting Linear Representation
work peek N pop 1 push 1 {
f l oa t  sum  =  0 ;
f or ( i n t i = 0 ;  i < N;  i + + )  { 
sum  + =  h[ i ] * peek( i ) ;
}
push( sum ) ;
pop( ) ;

}

� Resembles constant propagation
� M aintains linear f orm ‚ v ,  bÚ f or each  v ariable

� Peek expression:  generate fresh v
� Pu sh expression:  c opy  v into A
� Pop expression:  inc rem ent o

L inear
D atafl ow
A nal y sis ‚A, b, oÚ1

1

1

1

1
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Optimizations using Linear Analysis
1) C o m b i n i n g  a d j a c e n t  l i n e a r  s t r u c t u r e s

2 ) S h i f t i n g  f r o m  t i m e  t o  t h e  f r e q u e n c y  d o m a i n

3 ) S e l e c t i o n  o f  ‘ o p t i m a l ’  s e t  o f  t r a n s f o r m a t i o n s
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1) Combining Linear Filters
� Pipelines and split j o ins c an b e c o llapsed
� E x am ple:   pipeline

Filter 1

Filter 2

x

y

z

y = x A

z = y B

Combined
Filter z = x Cz = x A B

C
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Combination Example












=

3

2

1

B

[ ]654=A

6 m u l t s
o u t p u t

1  m u l t s
o u t p u t

Filter 1

Filter 2

C = [ 32 ]Combined
Filter
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AB for any A and B??

[A]
U

E

[A]
U

E

[A]
[A]

[A]

Original E x p and e d

σ

pop = σ

� Linear Expansion 
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AB for any A and B??
Need to “expand” matrices to a steady-state cycl e:

A

pop = 1

B

pop = 2
A’ B’
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AB for any A and B??
Need to “expand” matrices to a steady-state cycl e:

A

pop = 1

B

pop = 2
A’ B’
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AB for any A and B??
Need to “expand” matrices to a steady-state cycl e:

A

pop = 1

B

pop = 2
A’ B’
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Need to “expand” matrices to a steady-state cycl e:

A

pop = 1

B

pop = 2
A’ B’
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Need to “expand” matrices to a steady-state cycl e:

A

pop = 1
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AB for any A and B??
Need to “expand” matrices to a steady-state cycl e:

A

pop = 1

B

pop = 2
A’ B’



Architectures, Languages, and Compilers for the Streaming Domain
P ACT  2 0 0 3  T utorial  - Saman Amarasinghe, W illiam T hies  - M I T  CSAI L 25

AB for any A and B??
Need to “expand” matrices to a steady-state cycl e:

A

pop = 1

B

pop = 2
A’ B’

pop = 6pop = 2
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AB for any A and B??

A

pop = 1

B

pop = 2
A’ B’

pop = 6pop = 2

Expanded dimensions match
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Floating-P oint O p e r ations  R e d u c tion
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2) From Time to Frequency Domain
� Convolutions can be done 
ch eap ly  in th e F r eq uency  
D om ain

� P ainf ul to do by  h and
� Blocking
� C oe f f icie nt  ca lcu la t ions
� S t a r t u p

Xi*Wn-iΣ

X ←←←← FFFF(x)

Y ←←←← X .* H

y ←←←← FFFF -1(Y)

FFT

V V M

I FFT
� M u l t i p l e  o u t p u t s  
� I n t e r f a c i n g  w i t h  FFT l i b r a r y
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Generic Freq. Implementation
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Floating-P oint O p e r ations  R e d u c tion
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3) Transformation Selection
� When to apply what transformations?

� Linear filter combination can increase the 
comp u tation cost

� S hifting  to the F req u ency  d omain is ex p ensiv e for 
filters w ith p op  >  1

� Compute all outputs, then decimate by pop rate
� Some expensive transformations may later enable 
oth er transformations,  red u c ing  th e overall c ost
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Selection Algorithm
� Estimate minimal cost for each structure:

� Linear combination
� F req u ency  trans l ation
� N o trans f ormation

� If hierarchical, consider all possible 
g rou ping s of children

� Overlapping sub-pro blem s allo w s ef f ic ient  
d y nam ic  pro gram m ing searc h

C ost  fu nct ion based 
on profiler feedback
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Radar (Transformation Selection)

RR

B e a m F r m
F i l t e r
M a g

D e t e c t

D u p l i c a t e

B e a m F r m
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M a g
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M a g
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M a g
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S i n k

RR
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Radar (Transformation Selection)
First compute cost of individual filters:
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Radar (Transformation Selection)
First compute cost of individual filters:

Linear Combination F req u enc y N o T rans f orm

low h i g h
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Radar (Transformation Selection)
First compute cost of individual filters: low h i g h

Linear Combination F req u enc y N o T rans f orm

1x1
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Radar (Transformation Selection)
low h i g hThen, compute cost of 1x2 nodes:

Linear Combination F req u enc y N o T rans f orm

1x1
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Radar (Transformation Selection)
low h i g hThen, compute cost of 1x2 nodes:

Linear Combination F req u enc y N o T rans f orm
?

min= 
min= +

1 x 1
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Radar (Transformation Selection)
low h i g hThen, compute cost of 1x2 nodes:

Linear Combination F req u enc y N o T rans f orm

1x1

1x2
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Radar (Transformation Selection)
Continue with 1 x 3

1 x 4
2 x 1
2 x 2
2 x 3
2 x 4

3 x 1
3 x 2
3 x 3
3 x 4

4 x 1
4 x 2
4 x 3
4 x 4 Overall solution
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Radar (Transformation Selection)
Splitter

Sin k

R R

M a g

D etec t

D u plic a te

M a g

D etec t

M a g

D etec t

B ea m F rm B ea m F rm B ea m F rm B ea m F rm
F ilter F ilter F ilter F ilter

M a g

D etec t

R R

Splitter( n u ll)

I n pu t I n pu t I n pu t I n pu t I n pu t I n pu t I n pu t I n pu t I n pu t I n pu t I n pu t I n pu t

D ec D ec D ec D ec D ec D ec D ec D ec D ec D ec D ec D ec

D ec D ec D ec D ec D ec D ec D ec D ec D ec D ec D ec D ec

C f ilt C f ilt C f ilt C f ilt C f ilt C f ilt C f ilt C f ilt C f ilt C f ilt C f ilt C f ilt

C F ilt2 C F ilt2 C F ilt2 C F ilt2 C F ilt2 C F ilt2 C F ilt2 C F ilt2 C F ilt2 C F ilt2 C F ilt2 C F ilt2
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RR

RR

RR

Radar (Transformation Selection)
S p l i t t e r
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RR

RR

Radar (Transformation Selection)
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Radar ( T ran s f o rm at i o n  S e l e c t i o n )

half as 
m an y  F L O P S

U si n g  T r an sfo r m at i o n
S e le c t i o n

2 . 4  t i m e s as 
m an y  F L O P S

Splitter

Sin k

R R

M a g

D u plic a te

M a g M a g M a g

R R

Splitter( n u ll)

I n pu t I n pu t I n pu t I n pu t I n pu t I n pu t I n pu t I n pu t I n pu t I n pu t I n pu t I n pu t

M ax i m al C o m b i n at i o n  an d
S hi ft i n g  t o  F r e q u e n c y  D o m ai n
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Floating-P oint O p e r ations  R e d u c tion
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Experimental Results
� Fully automatic implementation

� StreamIt compiler

� S tr eamI t to C  compilation
� F F T W  f or s h if tin g  to th e f req u en cy  d omain

� B ench mar k s  all w r itten in S tr eamI t
� M eas ur ements  

� D y n amic f loatin g -poin t in s tru ction  cou n tin g
� Speed u ps  on  a g en eral pu rpos e proces s or
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Execution Speedup

5%

On a Pentium IV



Architectures, Languages, and Compilers for the Streaming Domain
P ACT  2 0 0 3  T utorial  - Saman Amarasinghe, W illiam T hies  - M I T  CSAI L 48

Related Work
� SPIRAL/SPL (P ü s c h e l e t .  a l )

� A u t o m a t i c  d e r i v a t i o n  o f  D S P  t r a n s f o r m s
� F F T W  (F r i e g o e t .  a l )

� W i c k e d  f a s t  F F T
� AD E  (C o v e l l ,  M I T  P h D  T h e s i s ,  1 9 8 9 )
� Af f i n e  An a l y s i s  (K a r r ,  A c t a I n f o r m a t i c a ,  1 9 7 6 )

� Affine relationships among variables of a program
� Linear Analysis (C o u s o t ,  H a l b w a t c h s ,  P O P L ,  1 9 7 8 )

� Au tomatic  d isc overy  of linear restraints among 
variables of a program



Architectures, Languages, and Compilers for the Streaming Domain
P ACT  2 0 0 3  T utorial  - Saman Amarasinghe, W illiam T hies  - M I T  CSAI L 49

Conclusions
� A DSP Program Representation: Linear Filters

� A dataflow analysis that recognizes linear filters

� Three Optimizations using Linear Information
� Adj acent L inear S tru ctu re C om b ination
� T im e D om ain to F req u ency D om ain T ransform ation
� Au tom atic T ransform ation S election

� F irst S tep in R epl ac ing the D S P  E ngineer from the D esign F l ow
� O n the av erage 9 0 %  of the F L O P s elim inated
� Av erage p erform ance sp eedu p  of 4 5 0 %

� S treamIt:  A  U nified  H igh-l ev el  A b strac tion for D S P  P rogramming
� I ncreased ab straction does not hav e to sacrifice p erform ance
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