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Schedule
1:30-1:4 0 O v e r v i e w  ( S a m a n )
1:4 0-2 :2 0 S t r e a m  A r c h i t e c t u r e s  ( S a m a n )
2 :2 0-3:00 S t r e a m  L a n g u a g e s  ( B i l l )
3:00-3:30 B r e a k
3:30-3:5 5 S t r e a m  C o m p i l e r s  ( S a m a n )
3:5 5 -4 :2 0 D o m a i n -s p e c i f i c  

O p t i m i z a t i o n s  ( S a m a n )
4 :2 0-5 :00 S c h e d u l i n g  A l g o r i t h m s  ( B i l l )
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Outline
� Introduction to Scheduling
� Finding a Steady State
� Finding a Sc h edu l e
� Sc h edu l ing T r adeo f f s

� P ha s ed Scheduling A lgorithm
� C o de Siz e /  B u f f er  Siz e
� H ier ar c h ic al  s c h edu l ing
� R es u l ts
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Synchronous Dataflow (SDF)
� Consists of Filters and Channels
� Filters p erform  c om p u tation

� Atomic execution step
� N umb er  of  items pr od uced  /  consumed  on ea ch  f ir ing  is consta nt a nd  k now n a t compil e time

� Channels ac t as FI FO  q u eu es for data b etw een Filters
� For S D F,  c an static ally  determ ine:

� S ch ed ul e of  nod e f ir ing s
� Buffer sizes
� D ea d l o c k  c o n d it io n s

� As we saw before, there are many g eneral i z ati ons

filter

filter

filter

filter
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The Scheduling Problem
� Find a legal order in which filters can be 
ex ecu ted
� Nodes only fire when their inputs are ready

� M anage m ism atched rates between filters
� M inim iz e data bu ffered u p  in channels 
between filters

� M inim iz e latency  of data p rocessing
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Scheduling – St ea dy  St a t e
� Every valid stream graph has a Steady 
State

� Steady State do es n o t c han ge amo u n t o f  
data b u f f ered b etw een  c o mpo n en ts

� Steady State c an  b e ex ec u ted repeatedly 
f o rever w itho u t gro w in g b u f f ers
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Steady State Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  
d ow ns am p l es b y  f ac tor of  2

pop = 1

A

push = 3

pop = 2

B

push = 1
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Steady State Example
� A executes 2 times

� pushes 2 * 3 = 6 items
� B  executes 3  times

� po ps 3 * 2 = 6 items
� N umb er  o f  d a ta  items 
sto r ed  b etw een  F il ter s 
d o es n o t ch a n g e

2 *

3 *

pop = 1

A

push = 3

pop = 2

B

push = 1
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Computing the Steady State
� Balance equations

� For each edge (s rc,  ds t ):
n (s rc) *  p u s h(s rc) =  n (ds t ) *  p op (ds t )

� E x am p l e: pop = 1

A

push = 3

pop = 2

B

push = 1
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Computing the Steady State
� Balance equations

� For each edge (s rc,  ds t ):
n (s rc) *  p u s h(s rc) =  n (ds t ) *  p op (ds t )

� E x am p l e: pop = 1

A

push = 3

pop = 2

B

push = 1

pop = 0

X

push=2   push=2

pop=2     pop=3  

Y

push = 0
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Computing the Steady State

pop = 1

A

push = 3

pop = 2

B

push = 1

pop = 0

X

push=2   push=2

pop=2     pop=3  

Y

push = 0

� Balance equations
� For each edge (s rc,  ds t ):

n (s rc) *  p u s h(s rc) =  n (ds t ) *  p op (ds t )
� E x am p l e:

n (X ) *  2  =  n (Y ) *  2
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Computing the Steady State

pop = 1

A

push = 3

pop = 2

B

push = 1

pop = 0

X

push=2   push=2

pop=2     pop=3  

Y

push = 0

� Balance equations
� For each edge (s rc,  ds t ):

n (s rc) *  p u s h(s rc) =  n (ds t ) *  p op (ds t )
� E x am p l e:

n (X ) *  2  =  n (Y ) *  2
n (X ) *  2  =  n (A ) *  1
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Computing the Steady State

pop = 1

A

push = 3

pop = 2

B

push = 1

pop = 0

X

push=2   push=2

pop=2     pop=3  

Y

push = 0

� Balance equations
� For each edge (s rc,  ds t ):

n (s rc) *  p u s h(s rc) =  n (ds t ) *  p op (ds t )
� E x am p l e:

n (X ) *  2  =  n (Y ) *  2
n (X ) *  2  =  n (A ) *  1
n (A ) *  3  =  n (B ) *  2
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Computing the Steady State

pop = 1

A

push = 3

pop = 2

B

push = 1

pop = 0

X

push=2   push=2

pop=2     pop=3  

Y

push = 0

� Balance equations
� For each edge (s rc,  ds t ):

n (s rc) *  p u s h(s rc) =  n (ds t ) *  p op (ds t )
� E x am p l e:

n (X ) *  2  =  n (Y ) *  2
n (X ) *  2  =  n (A ) *  1
n (A ) *  3  =  n (B ) *  2
n (B ) *  1  =  n (Y ) *  3
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Computing the Steady State

pop = 1

A

push = 3

pop = 2

B

push = 1

pop = 0

X

push=2   push=2

pop=2     pop=3  

Y

push = 0

� Balance equations
� For each edge (s rc,  ds t ):

n (s rc) *  p u s h(s rc) =  n (ds t ) *  p op (ds t )
� E x am p l e:

n (X ) *  2 =  n (Y ) *  2
n (X ) *  2 =  n (A ) *  1
n (A ) *  3 =  n (B ) *  2
n (B ) *  1  =  n (Y ) *  3

2    0     0    -2
2    0    -1     0
0     3    2    0
0     0     1    -3

n (X )
n (A )
n (B )
n (Y )

=  0
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Computing the Steady State

pop = 1

A

push = 3

pop = 2

B

push = 1

pop = 0

X

push=2   push=2

pop=2     pop=3  

Y

push = 0

� Theorem (Lee ’86):
� A connected SDF graph with n actors has 
a periodic schedu l e if f its topol ogy  m atrix  
Γ has rank  n-1

� Rank > n-1   � no  p e r i o d i c  s c h e d u l e
� Rank <  n-1   � g r ap h  i s  no t  c o nne c t e d

� If Γ h a s  r a n k  n -1  t h e n  t h e r e  e x i s t s  a  
u n i q u e  s m a l l e s t  i n t e g e r  s o l u t i o n  t o  Γn  =  0

2    0     0    -2
2    0    -1     0
0     3    2    0
0     0     1    -3

n ( X )
n ( A )
n ( B )
n ( Y )

=  0

T o p o l o g y  M a t r i x ,  Γ

1
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Computing the Steady State

pop = 1

A

push = 3

pop = 2

B

push = 1

pop = 0

X

push=2   push=2

pop=2     pop=3  

Y

push = 0

2    0    0   -2
2    0   -1    0
0    3    2    0
0    0    1   -3

n ( X )
n ( A )
n ( B )
n ( Y )

=  0

T o p o l o g y  M a t r i x ,  Γ

� Minimal solution:

� A ll multip le s ar e  v alid  ste ad y -state s

n ( X )
n ( A )
n ( B )
n ( Y )

=  

1

1
2
3
1

2 *

3 *

1 *

1 *
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Outline
� Introduction to Scheduling

� Finding a Steady State
� Finding a Sc h edu l e
� Sc h edu l ing T r adeo f f s

� P ha s ed Scheduling A lgorithm
� C o de Siz e /  B u f f er  Siz e
� H ier ar c h ic al  s c h edu l ing
� R es u l ts



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 19

Computing the Schedule
� Schedule indicates exact ordering of nodes
� Steady  state indicates only  the m ultip licity

� A graph might have a valid steady-state w itho u t 
havin g an y admissab le sc hedu le

� T o b uild legal schedule,  fire any  node that:
1 .  H as en o u gh in pu t items to  ex ec u te
2 .  H as n o t ex c eeded its mu ltiplic ity in  the steady state

� I f deadlock  reached b efore steady  state 
complete, then no valid schedule exists (Lee ’86)

pop = 1

A

push = 1

pop = 1

B

push = 1
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Initialization Schedule
� Filter Peeking provides a new 
c h allenge

� J u st S teady  S tate doesn’ t work:
�

pop = 1

A

push = 3

peek = 3, pop = 2

B

push = 1

3

0

0
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Initialization Schedule
� Filter Peeking provides a new 
c h allenge

� J u st S teady  S tate doesn’ t work:
� A

pop = 1

A

push = 3

peek = 3, pop = 2

B

push = 1

2

3

0
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Initialization Schedule
� Filter Peeking provides a new 
c h allenge

� J u st S teady  S tate doesn’ t work:
� AA

pop = 1

A

push = 3

peek = 3, pop = 2

B

push = 1

1

6

0
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Initialization Schedule
� Filter Peeking provides a new 
c h allenge

� J u st S teady  S tate doesn’ t work:
� AAB

pop = 1

A

push = 3

peek = 3, pop = 2

B

push = 1

1

4

1
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Initialization Schedule
� Filter Peeking provides a new 
c h allenge

� J u st S teady  S tate doesn’ t work:
� AABB
� C a n ’ t  e x e c u t e  B a g a i n !

pop = 1

A

push = 3

peek = 3, pop = 2

B

push = 1

1

2

2
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Initialization Schedule
� Filter Peeking provides a new 
c h allenge

� J u st S teady  S tate doesn’ t work:
� AABB
� C a n ’ t  e x e c u t e  B a g a i n !

� C an’ t ex ec u te A  one ex tra tim e:
� AABB

pop = 1

A

push = 3

peek = 3, pop = 2

B

push = 1

1

2

2
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Initialization Schedule
� Filter Peeking provides a new 
c h allenge

� J u st S teady  S tate doesn’ t work:
� AABB
� C a n ’ t  e x e c u t e  B a g a i n !

� C an’ t ex ec u te A  one ex tra tim e:
� AABBA

pop = 1

A

push = 3

peek = 3, pop = 2

B

push = 1

0

5

2
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Initialization Schedule
� Filter Peeking provides a new 
c h allenge

� J u st S teady  S tate doesn’ t work:
� AABB
� C a n ’ t  e x e c u t e  B a g a i n !

� C an’ t ex ec u te A  one ex tra tim e:
� AABBAB
� L e f t  3  i t e m s  b e t w e e n  A a n d  B!

pop = 1

A

push = 3

peek = 3, pop = 2

B

push = 1

0

3

3
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Initialization Schedule
� Must have data between A and B 
bef o r e star ti ng  ex ec uti o n o f  S teady  
S tate S c hedul e

� C o nstr uc t two  sc hedul es:
� One for Initialization
� One for S tead y  S tate

� I ni ti al i z ati o n S c hedul e l eaves data i n 
buf f er s so  S teady  S tate c an ex ec ute

pop = 1

A

push = 3

peek = 3, pop = 2

B

push = 1

0

3

3
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Initialization Schedule
� Initialization Schedule:

�

pop = 1

A

push = 3

peek = 3, pop = 2

B

push = 1

3

0

0
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Initialization Schedule
� Initialization Schedule:

� A 
pop = 1

A

push = 3

peek = 3, pop = 2

B

push = 1

2

3

0
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Initialization Schedule
� Initialization Schedule:

� A 
� L e a v e  3  i t e m s  b e t w e e n  A a n d  B

� Steady  State Schedule:
�

pop = 1

A

push = 3

peek = 3, pop = 2

B

push = 1

2

3

0



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 32

Initialization Schedule
� Initialization Schedule:

� A
� L e a v e  3  i t e m s  b e t w e e n  A a n d  B

� Steady  State Schedule:
� A

pop = 1

A

push = 3

peek = 3, pop = 2

B

push = 1

1

6

0
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Initialization Schedule
� Initialization Schedule:

� A 
� L e a v e  3  i t e m s  b e t w e e n  A a n d  B

� Steady  State Schedule:
� AA

pop = 1

A

push = 3

peek = 3, pop = 2

B

push = 1

0

9

0
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Initialization Schedule
� Initialization Schedule:

� A 
� L e a v e  3  i t e m s  b e t w e e n  A a n d  B

� Steady  State Schedule:
� AAB

pop = 1

A

push = 3

peek = 3, pop = 2

B

push = 1

0

7

1
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Initialization Schedule
� Initialization Schedule:

� A 
� L e a v e  3  i t e m s  b e t w e e n  A a n d  B

� Steady  State Schedule:
� AAB B

pop = 1

A

push = 3

peek = 3, pop = 2

B

push = 1

0

5

2
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Initialization Schedule
� Initialization Schedule:

� A 
� L e a v e  3  i t e m s  b e t w e e n  A a n d  B

� Steady  State Schedule:
� AAB B B

pop = 1

A

push = 3

peek = 3, pop = 2

B

push = 1

0

3

3
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Initialization Schedule
� Initialization Schedule:

� A 
� L e a v e  3  i t e m s  b e t w e e n  A a n d  B

� Steady  State Schedule:
� AAB B B
� L e a v e  3  i t e m s  b e t w e e n  A a n d  B

pop = 1

A

push = 3

peek = 3, pop = 2

B

push = 1

0

3

3
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Initialization Schedule
� Initialization Schedule:

� A 
� L e a v e  3  i t e m s  b e t w e e n  A a n d  B

� Steady  State Schedule:
� AAB B B
� L e a v e  3  i t e m s  b e t w e e n  A a n d  B

� N um b er  of  item s  p r es er v ed

pop = 1

A

push = 3

peek = 3, pop = 2

B

push = 1

0

3

3
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Outline
� Introduction to Scheduling

� Finding a Steady State
� Finding a Sc h edu l e
� Sc h edu l ing T r adeo f f s

� P ha s ed Scheduling A lgorithm
� C o de Siz e /  B u f f er  Siz e
� H ier ar c h ic al  s c h edu l ing
� R es u l ts
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Scheduling Tradeoffs
� There are many possible schedules for a 
g iv en st eady-st at e

� O rder of ex ecut ion profoundly affect s:
� Latency
� B u f f er  s i z e
� C o d e S i z e

� There is a w ealt h of lit erat ure t hat  aims t o 
opt imiz e t he schedule by v arious met rics
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
�

pop = 1

A

push = 3

pop = 2

B

push = 1

2

0

0
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� A

pop = 1

A

push = 3

pop = 2

B

push = 1

2

0

0



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 43

Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� A

pop = 1

A

push = 3

pop = 2

B

push = 1

1

0

0
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� A

pop = 1

A

push = 3

pop = 2

B

push = 1

1

3

0
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AA

pop = 1

A

push = 3

pop = 2

B

push = 1

1

3

0
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AA

pop = 1

A

push = 3

pop = 2

B

push = 1

0

3

0
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AA

pop = 1

A

push = 3

pop = 2

B

push = 1

0

6

0
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AAB

pop = 1

A

push = 3

pop = 2

B

push = 1

0

6

0
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AAB

pop = 1

A

push = 3

pop = 2

B

push = 1

0

4

0
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AAB

pop = 1

A

push = 3

pop = 2

B

push = 1

0

4

1
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABB

pop = 1

A

push = 3

pop = 2

B

push = 1

0

4

1
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABB

pop = 1

A

push = 3

pop = 2

B

push = 1

0

2

1
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABB

pop = 1

A

push = 3

pop = 2

B

push = 1

0

2

2
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB

pop = 1

A

push = 3

pop = 2

B

push = 1

0

2

2
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB

pop = 1

A

push = 3

pop = 2

B

push = 1

0

0

2



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 56

Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB

pop = 1

A

push = 3

pop = 2

B

push = 1

0

0

3
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB

pop = 1

A

push = 3

pop = 2

B

push = 1

0

0

3
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB
� A

pop = 1

A

push = 3

pop = 2

B

push = 1

2

0

0
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB
� A

pop = 1

A

push = 3

pop = 2

B

push = 1

1

0

0
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB
� A

pop = 1

A

push = 3

pop = 2

B

push = 1

1

3

0
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB
� AB

pop = 1

A

push = 3

pop = 2

B

push = 1

1

3

0
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB
� AB

pop = 1

A

push = 3

pop = 2

B

push = 1

1

1

0
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB
� AB

pop = 1

A

push = 3

pop = 2

B

push = 1

1

1

1
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB
� ABA

pop = 1

A

push = 3

pop = 2

B

push = 1

1

1

1
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB
� ABA

pop = 1

A

push = 3

pop = 2

B

push = 1

0

1

1
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB
� ABA

pop = 1

A

push = 3

pop = 2

B

push = 1

0

4

1
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB
� ABAB

pop = 1

A

push = 3

pop = 2

B

push = 1

0

4

1
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB
� ABAB

pop = 1

A

push = 3

pop = 2

B

push = 1

0

2

1
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB
� ABAB

pop = 1

A

push = 3

pop = 2

B

push = 1

0

2

2
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB
� ABABB

pop = 1

A

push = 3

pop = 2

B

push = 1

0

2

2
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB
� ABABB

pop = 1

A

push = 3

pop = 2

B

push = 1

0

0

2
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB
� ABABB

pop = 1

A

push = 3

pop = 2

B

push = 1

0

0

3
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Scheduling Tradeoffs Example
� 3:2 Rate Converter
� F i rs t f i l ter ( A )  u p s am p l es b y  
f ac tor of  3

� S ec ond  f i l ter ( B )  d ow ns am p l es
b y  f ac tor of  tw o

� S c h ed u l e:
� AABBB
� ABABB

pop = 1

A

push = 3

pop = 2

B

push = 1

0

0

3
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Scheduling Tradeoffs – L at ency
� AABBB – F i r s t  d a t a  i t e m  
o u t p u t  a f t e r  t h i r d  
e x e c u t i o n  o f  a  f i l t e r
� Also A already consumed 2 
dat a i t ems

� ABABB – F i r s t  d a t a  i t e m  
o u t p u t  a f t e r  s e c o n d  
e x e c u t i o n  o f  a  f i l t e r
� A  consumed only 1  dat a 
i t em

pop = 1

A

push = 3

pop = 2

B

push = 1

0

0

3
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Scheduling Tradeoffs – B uffer Siz e 
� AABBB requires 6 data items 
o f  b uf f er sp ac e b etw een  
f il ters A an d B

� ABABB requires 4  data items 
o f  b uf f er sp ac e b etw een  
f il ters A an d B

pop = 1

A

push = 3

pop = 2

B

push = 1

0

0

3
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Scheduling Tradeoffs – C ode Siz e
� AABBB – C a n  b e  c o m p r e s s e d  
i n t o  a  l o o p  n e s t  w i t h  t w o  
a p p e a r a n c e s  o f  t h e  f i l t e r s :
� {5A}{3B}

� ABABB – R e q u i r e s  t h r e e  
a p p e a r a n c e s  o f  t h e  f i l t e r s :
� 2 {AB}B

pop = 1

A

push = 3

pop = 2

B

push = 1

0

0

3
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Scheduling Tradeoffs – C ode Siz e
� AABBB – C a n  b e  c o m p r e s s e d  
i n t o  a  l o o p  n e s t  w i t h  t w o  
a p p e a r a n c e s  o f  t h e  f i l t e r s :
� {5A}{3B}

� ABABB – R e q u i r e s  t h r e e  
a p p e a r a n c e s  o f  t h e  f i l t e r s :
� 2 {AB}B

pop = 1

A

push = 3

pop = 2

B

push = 1

0

0

3

“Single Appearance Schedule”
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Single Appearance Scheduling (SAS)
� Every Filter is listed only once in the loop nest 
denoting  the schedu le
� Example:  5{4{AB}} 6{C 3D}
� T h er e ar e mu lt i ple S AS  s c h ed u les  f o r  a g i v en  g r aph

� By metric of DSP community, SAS schedules 
g ua ra ntee minima l code siz e
� Schedule size = # appearances of filters in schedule 
� F ilter inv ocations are often inlined,  and consum e m ore 

space than the loop nests
� Due to their a na lyz a b ility, SAS schedules ha v e 
b een the ta rg et of a lmost a ll op timiz a tion resea rch
� H euristics for finding  SA S w ith m inim al b uffer size
� “ B uffer m erg ing ”  for SA S schedules
� E tc. ,  etc.   ( see B hattachary y a ’ 9 9  for rev iew )
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Shortcomings of SAS
� 1.  Buffer size explosion for hierarchical components

- I f  a  l a r g e  h i e r a r c h i c a l  c o m p o n e n t  m u s t  e x e c u t e  
a l l  a t  o n c e ,  t h e n  i t s  I / O  r a t e s  a r e  h u g e

- C r i t i c a l  c o n s i d e r a t i o n  f o r  s e p a r a t e  c o m p i l a t i o n

� 2.  Restricted space of schedules considered
- H a m p e r s  e f f e c t i v e n e s s  o f  b u f f e r ,  l a t e n c y  o p t i m i z a t i o n

I s there a place for 
m ultiple-appearance schedules?
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Outline
� Introduction to Scheduling

� Finding a Steady State
� Finding a Sc h edu l e
� Sc h edu l ing T r adeo f f s

� P ha s ed Scheduling A lgorithm
� C o de Siz e /  B u f f er  Siz e
� H ier ar c h ic al  s c h edu l ing
� R es u l ts
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Our recent work:  “Phased Scheduling”
� Implements a multiple-appear anc e sc h ed ule
� A ppr o ac h :

� Allows code size to grow to a fixed number of 
S AS  “ p h ases”

� B enef its:
� S mall buffer sizes for h ierarch ical p rograms
� F ine grained control ov er code size v s buffer size
� Always avoids deadlock in separate compilation
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SAS Example – B u f f er  Si z e
� Example: CD-DA T
� CD t o  Di g i t al A u d i o  T ape r at e 
c o n v er t er

� M i s mat c h ed  r at es  c au s e lar g e 
n u mb er  o f  exec u t i o n s  i n  S t ead y  
S t at e

1

A

2

3

B

2

7

C

8

7

D

5

147 *

98 *

28 *

32 *
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SAS Example – B u f f er  Si z e
� Naïve SAS schedule:

� 147A 98B 28C 32D
� R e q u i r e d  Bu f f e r  S i z e :  714
� U n n e c e s s a r i l y  l a r g e  b u f f e r  
r e q u i r e m e n t s !

294

196

224

1

A

2

3

B

2

7

C

8

7

D

5

147 *

98 *

28 *

32 *
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SAS Example – B u f f er  Si z e
� Naïve SAS schedule:

� 147A 98B 28C 32D
� R e q u i r e d  Bu f f e r  S i z e :  714
� U n n e c e s s a r i l y  l a r g e  b u f f e r  
r e q u i r e m e n t s !

� O p t i m al SAS C D -D A T  s c h e d u l e :
� 49{3A 2B} 4{7C 8D}
� R e q u i r e d  Bu f f e r  s i z e :  25 8
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Phased Scheduling
� Idea:

� What if we take the naïve SAS schedule, and 
divide it into  n r o ug hly  eq ual p hases?

� B u f f er  r eq u i r em en t s  w o u l d r edu c e r o u g h l y  
b y  f ac t o r  o f  n

� S c h edu l e s i z e w o u l d i n c r eas e b y  f ac t o r  o f  n
� M ay  b e O K ,  b ec au s e b u f f er  r eq u i r em en t s  
do m i n at e s c h edu l e s i z e an y w ay !
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Phased Scheduling
� Try n = 2:
� Tw o  p h a s e s  a re :

� 74A 49B 14C 16D
� 73 A 49B 14C 16D

� To t a l  B u f f e r S i z e : 3 5 8
� S m a l l  s c h e d u l e  i nc re a s e
� G re a t e r n f o r b i g g e r s a v i ng s
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Phased Scheduling
� Try n = 3:
� Th re e  p h a s e s  a re :

� 48A 32B   9C 10D
� 5 3A 35 B 10C 11D
� 46 A 31B   9C 11D

� To t a l  B u f f e r S i z e : 2 5 9
� B a s i c a l l y m a t c h e d  b e s t  S A S  re s u l t

� Be s t  S AS  w a s  25 8

1

A

2

3

B

2

7

C

8

7

D

5

106

71

82



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 88

Phased Scheduling
� Try n = 28:
� Th e  p h a s e s  a re :

� 6A 4B 1C 1D
� 5 A 3 B 1C 1D
� …
� 4A 3 B 1C 2 D

� To t a l  B u f f e r S i z e : 3 5
� D ra s t i c a l l y b e a t  b e s t  S A S  re s u l t

� Be s t  S AS  w a s  2 5 8

1

A

2

3

B

2

7

C

8

7

D

5

13

8

14



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 89

� Pull Scheduling:
� Always execute the bottom-most 
elemen t p ossi ble

� C D -D A T  s chedule:
� 2 A B  A B  2 A B  A B  C  D  …  A B  C  2 D
� R eq ui r ed  B uf f er  S i z e:  2 6
� 2 5 1  en tr i es i n  the sched ule

� H a r d t o  im p lem ent  ef f icient ly ,  a s  
s chedule is  V E R Y  la r ge
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A Lower Bound on Buffer Size: 
P ul l  Sc h edul ing



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 90

25126P u l l  S c h e d u l e
523 5P h a s e d  S c h e d u l e

4258S A S
S c h e d u l e  S i z eB u f f e r  S i z e

CD-DA T  Co m p a r i s o n :
S A S  v s P u l l  v s P h a s e d
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Outline
� Introduction to Scheduling

� Finding a Steady State
� Finding a Sc h edu l e
� Sc h edu l ing T r adeo f f s

� P ha s ed Scheduling A lgorithm
� C o de Siz e /  B u f f er  Siz e
� H ier ar c h ic al  s c h edu l ing
� R es u l ts
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Hierarchical Phased Scheduling
� Apply technique hierarchically
� C hild ren hav e s ev eral phas es  
w hich all hav e to  b e ex ecuted

� Auto m atically s uppo rts  cyclo -
s tatic f ilters

� C hild ren po p/ pus h les s  d ata,  
s o  can m anag e parent’ s  b uf f er 
s iz es  m o re ef f iciently

CD-DAT

CD reader

DAT

recorder

Equalizer
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Hierarchical Phased Scheduling
� What if a Steady State of a component of a 
F eedb ack L oop r eq u ir ed mor e data than 
av ail ab l e?

� Sing l e A ppear ance cou l dn’ t do s epar ate 
compil ation!

� P has ed Schedu l ing  can pr ov ide a fine-g r ained 
s chedu l e,  w hich w il l  al w ays  al l ow  s epar ate 
compil ation ( if pos s ib l e at al l )
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Minimal Latency Schedule
� Every Phase consumes as few items as possible 
to prod uce at least one d ata item

� Every Phase prod uces as many d ata items as 
possible

� G uarantees any sched ulable prog ram will be 
sched uled  without d ead lock

� A llows for separate compilation
� F or d etails,  see L C T ES  ’ 0 3  paper
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Minimal Latency Scheduling

� Simple FeedbackLoop with 
a tig ht delay con s tr ain t

� N ot pos s ible to s chedu le 
u s in g  SA S

� C an  s chedu le u s in g  P has ed 
Schedu lin g
� Use Minimal Latency 
S ch ed u ling
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Minimal Latency Scheduling
� Minimal Latency Phased 
S chedu le:
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Minimal Latency Scheduling
� Minimal Latency Phased 
S chedu le:
� join 2B 5split L
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Minimal Latency Scheduling
� Minimal Latency Phased 
S chedu le:
� join 2B 5split L
� join 2B 5split L
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Minimal Latency Scheduling
� Minimal Latency Phased 
S chedu le:
� join 2B 5split L
� join 2B 5split L
� join 2B 5split L
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Minimal Latency Scheduling
� Minimal Latency Phased 
S chedu le:
� join 2B 5split L
� join 2B 5split L
� join 2B 5split L
� join 2B 5split 2L
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Minimal Latency Schedule
� Minimal Latency Phased 
S chedu le:
� join 2B 5split L
� join 2B 5split L
� join 2B 5split L
� join 2B 5split 2L

� C an also  b e ex p r essed as:
� 3  { join 2B 5split L}
� join 2B 5split 2L

� C o mmo n to  hav e r ep eated 
Phases
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Why not SAS?
� Naïve SAS schedule

� 4join 8B 20split 5L:
� N ot v a lid  b e c a u se  4join 
c onsu m e s 20 d a ta  ite m s

� W o uld li k e t o  f o r m  a lo o p -n est  
t hat  i n cludes j o i n  an d L

� B ut  m ult i p li ci t y  o f  ex ecut i o n s 
o f  L  an d j o i n  have n o  co m m o n  
di vi so r s
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Outline
� Introduction to Scheduling

� Finding a Steady State
� Finding a Sc h edu l e
� Sc h edu l ing T r adeo f f s

� P ha s ed Scheduling A lgorithm
� C o de Siz e /  B u f f er  Siz e
� H ier ar c h ic al  s c h edu l ing
� R es u l ts
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Results
� SAS v s M i n i m a l  L a t e n c y
� U s e d  1 7  a p p l i c a t i o n s

� 9 from our ASPLOS ’02 paper
� 2 art i fi c i al  b en c h mark s
� 2 from M urt h y 99
� R emai n i n g  4  from our i n t ern al  appl i c at i on s
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Results - B uf f er  S i z e
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Results – S c h ed ule S i z e
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Results - C o m b i n ed
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Conclusion
Presented Phased Scheduling Algorithm

� Provides efficient interface for hierarchical scheduling
� E nab les sep arate com p ilation w ith safety  from  
deadlock

� Provides flex ib le b uffer /  schedule siz e trade-off
� R educes latency  of data throughp ut

Step towards a large scale hierarchical 
stream programming model


