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Comp Graphs

Timeline:  1960’s

� “Stream” (P.J. L an d i n )  – 1 9 6 0
� Linking Algol 6 0  a n d  la m b d a  c a lc u lu s ,  u s e d  f or  loop  h i s t or i e s

� Petri Nets (C.A. Petri) – 1 9 6 6
� P la c e s ,  t r a n s i t i on s ,  t ok e n s

� Co m p u ta tio n  G ra p h s (K a rp ,  M il l er) – 1 9 6 7
� G r a p h  w i t h  f i r i n g a c t or s ,  m i n i m a l f i r i n g r e q u i r e m e n t s
� F or m u la t e  d e t e r m i n a n c y ,  t e r m i n a t i on ,  q u e u i n g p r op e r t i e s

1 9 6 0 1 9 7 0 1 9 8 0 1 9 9 0 2 0 0 0

M od e ls  of  C om p u t a t i on

L a n gu a ge s  /  C om p i le r s

M od e li n g E n v i r on m e n t s

Petri Nets
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Timeline:  1970’s

� Process Networks (Kahn) – 1 9 7 4
� Sequential threads communicate with unbounded F I F O ’ s
� D eterministic

� C S P:  C om m u ni cati ng  S eq u enti al  Processes (H oare) – 1 9 7 8  
� Sequential threads communicate with rendez v ous messag e-passing
� N o n-d e t e r m inist ic  d u e  t o  gu ar d s

� Dataflow languages
� F ir st  v e r sio n d at af l o w  pr o c e d u r e  l angau ge ( D e nnis)
� L u c id  ( A sh c r o f t ,  W ad ge ) ,  I d  ( A r v ind ,  G o st e l o w ) ,  V A L  ( D e nnis)

� F unc ti onal languages wi th  laz y  ev aluati on for  str eam s
� l az y  e v al u at o r  ( H e nd e r so n,  M o r r is) ;  S ie v e  o f  E r at o st h e ne s ( F r ie d m an,  W ise )

1 9 6 0 1 9 7 0 1 9 8 0 1 9 9 0 2 0 0 0

M od els of C om p utati on

L anguages /  C om p i ler s

M od eli ng E nv i r onm ents

Petri Nets
Co m p  G ra p h s

PN
CS P

L u c id I d
V A Ll a z yC
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� SDF:  Synchronous Dataflow (Lee, Messerschmitt) – 1 9 8 7
� Actors have static, non-u nif orm  rates;  f iring  is atom ic and  d ata-d riven
� Al l ow s static sched u l ing

� Sisal:  Streams and  I teration in a Sing le A ssig nment Lang uag e – 1 9 8 3
� Ad d s recu rsion, f inite stream s to V AL
� I m p l em entations on m any  p aral l el  m achines
� I F 1  interm ed iate f orm at

� O ccam – 1 9 8 3
� S trong l y  ty p ed  p roced u ral  l ang u ag e
� P ractical  im p l em entation of  C S P

� More work  on d ataflow and  functional lang uag es (e. g . , M.  B roy)

1 9 6 0 1 9 7 0 1 9 8 0 1 9 9 0 2 0 0 0

Mod els of C omp utation

Lang uag es /  C omp ilers

Mod eling  E nv ironments

Petri Nets
Co m p  G ra p h s

PN
CS P

S isa l
O c c a m

L u c id I d
V A Ll a z y

S D F

G a b riel

Timeline:  1980’s

C
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Timeline:  1990’s

� Synchronous Languages:  Signal, LUSTRE, etc.
� Designed for expressiveness, verification m oreso th an h igh  perform ance

� Esterel
� F or reactive program m ing;  event-driven and control -oriented
� O ften im pl em ented in eith er h ardw are or softw are

� p H :  P arallel H ask ell ( N ik hil, A rv ind , et al.)
� Combines lazy functional and dataflow philosophies for high performance

� Ptolemy:  Heterogeneous Modeling Environment (Lee et al.)
� M any contributions to formalisms,  scheduling,  graph-lev el optimization

� C ommerc ial Environments (Matlab ,  S PW ,  C O S S A P,  A D S ,  etc .)
� B ecoming increasingly prev alent

1 9 6 0 1 9 7 0 1 9 8 0 1 9 9 0 2 0 0 0

Models of  C omp utation

Languages /  C omp ilers

Modeling Environments

Petri Nets
Co m p  G ra p h s

PN
CS P

S isa l
O c c a m

L u c id I d
V A Ll a z y

S D F

G a b riel

S ig n a l
L U S T R E
Pto l em y

F S M
E sterel

C p H

G ra p e-I I
M a tl a b / S im u l in k

etc .
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Stream Programming Models
� Prototyping environments
� C onventiona l  l a ngu a ges

� Object Oriented
� P ro cedu ra l
� A s s em bl y

� S trea m l a ngu a ges
� S trea m I t
� B ro o k
� C g
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Actor-O ri e n te d  D e s i g n
in the Ptolemy Project (UC Berkeley)

PortPort

Actor Actor

Link
Relation

Actor
Port

connection

connection co
nn

ec
tio

n

Link

Li
nk

Attributes Attributes

Attributes

Model of Computation:
• Mes s ag ing  s c h ema
• F low  of c ontr ol
• Conc ur r enc y
E x amples :
• D ataflow
• P r oc es s  netw or k s
• S y nc h r onous
• T ime tr ig g er ed
• D is c r ete-ev ent s y s tems
• P ub lis h  &  s ub s c r ib e

Most Ptolemy II models of computation are “actor oriented.” 
B ut th e precise semantics depends on th e selected “director, ” 
w h ich  implements a model of computation.

called a “kernel,” “step,” …
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Focus on Dataflow (a few variants)
� Computation graphs [Karp & Miller - 1 9 6 6 ]
� P roc ess netw ork s [Kahn - 1 9 7 4 ]
� S tatic  d ataf low  [D ennis - 1 9 7 4 ]
� D y namic  d ataf low  [A rv ind ,  1 9 8 1 ]
� K-b ound ed  loops [Culler,  1 9 8 6 ]
� S y nc hronous d ataf low  [L ee & Messersc hmitt,  1 9 8 6 ]
� S truc tured  d ataf low  [Kod osk y ,  1 9 8 6 ]
� P G M:  P roc essing G raph Method  [Kaplan,  1 9 8 7 ]
� S y nc hronous languages [L ustre,  S ignal,  1 9 8 0 ’ s]
� W ell-b ehav ed  d ataf low  [G ao,  1 9 9 2 ]
� B oolean d ataf low  [B uc k  and  L ee,  1 9 9 3 ]
� Multid imensional S D F  [L ee,  1 9 9 3 ]
� Cy c lo-static  d ataf low  [L auw ereins,  1 9 9 4 ]
� I nteger d ataf low  [B uc k ,  1 9 9 4 ]
� B ound ed  d y namic  d ataf low  [L ee and  P ark s,  1 9 9 5 ]
� H eteroc hronous d ataf low  [G irault,  L ee,  & L ee,  1 9 9 7 ]
� …

Many tools, 
sof tw ar e  
f r am e w or k s, 
and  h ar d w ar e  
ar c h i te c tu r e s 
h av e  b e e n 
b u i lt to 
su p p or t one  
or  m or e  of  
these.
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Synchronous Dataflow (SDF)
Fixed Production/Consumption Rates

� Schedulable statically
� D ecidable:

� buffer memory requirements
� d ea d l oc k

fire B {
…
c o n s u m e M
…

}

fire A {
…
p ro d u c e N
…

}

channel
N M

Will address in detail in section on scheduling



Architectures, Languages, and Compilers for the Streaming Domain
T his slide compliments of E dw ard A.  Lee, U C B erk eley 11

Selected Generalizations
� Multidimensional Synchronous Dataflow (1993)

� Arcs carry multidimensional streams
� O ne b alance eq uation p er dimension p er arc

� C yclo-Static Dataflow (L auwereins,  et al. ,  1994 )
� P eriodically v arying  p roduction/ consump tion rates

� H eterochronous Dataflow (1997 )
� Combines state machines with SDF graphs
� V ery  ex pressiv e,  y et d ecid abl e

� Boolean & Integer Dataflow (1993/4)
� B al ance eq u ations are sol v ed  sy mbol ical l y
� P ermits d ata-d epend ent rou ting of  tok ens
� H eu ristic-based  sched u l ing ( u nd ecid abl e)

� Dy nam i c  Dataflow (198 1-)
� Firings sched u l ed  at ru n time
� Chal l enge:  maintain bou nd ed  memory ,  d ead l ock  f reed om,  l iv eness
� Demand  d riv en,  d ata d riv en,  and  f air pol icies al l  f ail

� K ah n P roc es s  N etwork s  (197 4-)
� R epl ace d iscrete f irings with process su spension
� Chal l enge:  maintain bou nd ed  memory ,  d ead l ock  f reed om,  l iv eness

static

d y n am ic
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Other Stream-L i k e M o d el s  o f  C o mp u tati o n
(all implemented in Ptolemy II)
� Push/Pull

� dataflow with disciplined nondeter m inism
� e. g .  C lick  ( K ohler ,  2 0 0 1 )

� Discrete events
� data tok ens hav e tim e stam ps
� e. g .  N S

� C o ntinu o u s tim e
� str eam s ar e a continu u m  of v alu es
� e. g .  S im u link

� S y nch ro no u s l a ng u a g es
� seq u ence of v alu es,  one per  clock  tick
� fix ed-point sem antics
� e. g .  E ster el

� T im e trig g ered
� sim ilar ,  b u t no fix ed-point sem antics
� e. g .  G iotto

� M o d a l  m o d el s
� state m achines +  str eam -lik e M oC s,  hier ar chical
� e. g .  H y b r id sy stem s

all of these include a 
log ical notion of tim e
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Software Legacy of the Ptolemy Project
� Gabriel (1986-1991)

� Written in Lisp
� A im ed  a t sig na l  pro c essing
� S y nc h ro no u s d a ta f l o w  ( S D F )  b l o c k  d ia g ra m s 
� P a ra l l el  sc h ed u l ers
� C o d e g enera to rs f o r D S P s
� H a rd w a re/ so f tw a re c o -sim u l a to rs

� Ptolemy Classic (1990-1997 )
� Written in C++
� M u l tip l e m o d el s  o f  c o m p u ta tio n
� H iera rc h ic a l  h etero g eneity
� D a ta f l o w  v a ria nts :  B D F ,  D D F ,  P N
� C/ V H D L / D S P  c o d e g enera to rs
� O p tim iz ing  S D F  s c h ed u l ers
� H ig h er-o rd er c o m p o nents

� Ptolemy I I  (1996 -2 02 2 )
� Written in J a v a
� D o m a in p o l y m o rp h is m
� M u l tith rea d ed
� N etw o rk  integ ra ted  a nd  d is trib u ted
� M o d a l  m o d el s
� S o p h is tic a ted  ty p e s y s tem
� CT ,  H D F ,  CI ,  G R ,  etc .

Each of these 
ser v ed ,  fi r st-an d -
for em ost,  as a 
l ab or ator y  for  
i n v esti g ati n g  d esi g n .

� PtPlot ( 1 9 9 7 -? ? )
� Java plotting package

� Tycho ( 1 9 9 6 -1 9 9 8 )
� I tcl/ T k G U I  f r am ew or k

� D i v a  ( 1 9 9 8 -2 0 0 0 )
� Java G U I  f r am ew or k

Focus has always 
b e e n  on  e m b e d d e d  
sof t war e .
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Ptolemy II
Ptolemy II:

Our current framework for 
ex p eri mentati on wi th  actor-ori ented  
d es i g n,  concurrent s emanti cs ,  v i s ual  
s y ntax es ,  and  h i erarch i cal ,  
h eterog eneous  d es i g n.

http://pto l e m y . e e c s . b e r k e l e y . e d u

H i e r a r c hi c a l  c o m po n e n t

m o d a l  m o d e l

d a ta f l o w  c o n tr o l l e r

e x a m pl e  P to l e m y  I I  m o d e l : hy b r i d  c o n tr o l  s y s te m
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� Modeling environments are good for prototyping, algorith mic  optimiz ations
� H ow ever, emb edded systems h ave tigh t resou rc e c onstraints:

� Real-t i m e r eq u i r em en t s  ( t h r o u g h p u t ,  lat en c y )
� L i m i t ed  b at t er y  li f e ( p o w er )
� L i m i t ed  i n s t r u c t i o n  an d  d at a m em o r y

� C u rrent prac tic e:   re-implement stream algorith m in h igh -performanc e langu age
� C  /  as s em b ly
� C + +  r u n t i m e s y s t em  ( e. g . ,  S p ec t r u m w ar e)

� N ew  c lass of “ stream langu ages”  aim to raise ab strac tion level, provide u nified development environment
� S t r eam I t
� B r o o k
� C g

Implementing High-P er f o r ma nc e
S tr ea ming A pplic a tio ns
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Stream Programming Models
� Prototyping environments
� C onventiona l  l a ngu a ges

� Object Oriented
� P ro cedu ra l
� A s s em bl y

� S trea m l a ngu a ges
� S trea m I t
� B ro o k
� C g
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Streaming in Object Oriented Style
� Each actor is an object
� S ched u l ed  by  p u l l  m od el
� P ro:

� Modular
� S h ow s  s t ruc t ure  of  g rap h

� C on:
� O v e rh e ad of  ob j e c t s

� Communication is static; don’t need virtual dispatch
� Coarse-g rai n ed  c om m u n i c at i on

� B lock  siz e is architecture-dependent
� O b scures f ine-g rained alg orithm

� O v erh ead  of  ru n -t i m e sc h ed u l er
� L ots of  method calls
� I mpossib le to k eep persistent data in reg isters

� Com p i l er c an ’ t  op t i m i z e ac ross m od u l e b ou n d ari es

F I R F i l t er

D at aS ou rc e

D i sp l ay

T h resh ol d

…

…
…

Con t rol  
( R u n t i m e S y st em )
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Streaming in Object Oriented Style
� Each actor is an object
� S ched u l ed  by  p u l l  m od el
� P ro:

� Modular
� S h ow s  s t ruc t ure  of  g rap h

� C on:
� O v e rh e ad of  ob j e c t s

� Communication is static; don’t need virtual dispatch
� Coarse-g rai n ed  c om m u n i c at i on

� B lock  siz e is architecture-dependent
� O b scures f ine-g rained alg orithm

� O v erh ead  of  ru n -t i m e sc h ed u l er
� L ots of  method calls
� I mpossib le to k eep persistent data in reg isters

� Com p i l er c an ’ t  op t i m i z e ac ross m od u l e b ou n d ari es

F I R F i l t er

D at aS ou rc e

D i sp l ay

T h resh ol d

…

…
…

Con t rol  
( R u n t i m e S y st em )

class F I R F i lt e r e x t e n d s S t r e am  {
i n t N ;
f lo at [ ]  i n p u t ;
v o i d  g e t D at a( f lo at [ ]  o u t p u t ,

i n t o f f se t ,  i n t le n g t h )  {
i f  ( i n p u t = = n u ll)  {
i n p u t  =  n e w  f lo at [ M A X _ L E N G T H ] ;
so u r ce . g e t D at a( i n p u t ,  0 ,  N + le n g t h ) ;

} e lse
so u r ce . g e t D at a( i n p u t ,  N ,  le n g t h ) ;

f o r  ( i n t i = 0 ;  i < le n g t h ;  i + + )  {
f lo at  su m  =  0 ;
f o r  ( i n t j = 0 ;  j < N ;  j + + )

su m  =  su m +  d at a1 [ i + j ] * h [ j ] [ N ] ;
o u t p u t [ i + o f f se t ]  =  su m ;

}
f o r  ( i n t i = 0 ;  i < N ;  i + + )
i n p u t [ i ]  =  i n p u t [ i + le n g t h ] ;

}
}
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Streaming in Object Oriented Style
� Each actor is an object
� S ched u l ed  by  p u l l  m od el
� P ro:

� Modular
� S h ow s  s t ruc t ure  of  g rap h

� C on:
� O v e rh e ad of  ob j e c t s

� Communication is static; don’t need virtual dispatch
� Coarse-g rai n ed  c om m u n i c at i on

� B lock  siz e is architecture-dependent
� O b scures f ine-g rained alg orithm

� O v erh ead  of  ru n -t i m e sc h ed u l er
� L ots of  method calls
� I mpossib le to k eep persistent data in reg isters

� Com p i l er c an ’ t  op t i m i z e ac ross m od u l e b ou n d ari es

D at aS ou rc e

D i sp l ay

T h resh ol d

…

…
…

Con t rol  
( R u n t i m e S y st em )

F I R F i l t er

void main() {
D at aS ou r c e dat as ou r c e =  ne w  D at aS ou r c e ();
F I R F il t e r f il t e r  =  ne w  F I R F il t e r (5 );
D is p l ay  dis p l ay =  ne w  D is p l ay ();
f il t e r . s ou r c e =  dat as ou r c e ;
dis p l ay . s ou r c e =  f il t e r ;
dis p l ay . r u n();

}
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Streaming in Object Oriented Style
� Pro:

� Modular
� S h ow s  s t ruc t ure  of  g rap h
� A ut om at i c  s c h e duli n g

� C on :
� O v e rh e ad of  ob j e c t s

� Communication is static;d on’ t ne e d  v ir tual  d isp atch
� Coarse-g rai n ed  c om m u n i c at i on

� B l ock  siz e  is ar ch ite ctur e -d e p e nd e nt
� O b scur e s f ine -g r aine d  al g or ith m

� O v erh ead  of  ru n -t i m e sc h ed u l er
� L ots of  me th od  cal l s
� I mp ossib l e  to k e e p  p e r siste nt d ata in r e g iste r s

� Com p i l er c an ’ t  op t i m i z e ac ross m od u l e b ou n d ari es

DataSource

Di s p l ay

T h res h ol d

…

…
…

C on trol  
( R un ti m e Sy s tem )

F I R F i l ter

DataSource

Di s p l ay

T h res h ol d

…

…
…

C on trol  
( R un ti m e Sy s tem )

F I R F i l ter
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Stream Programming Models
� Prototyping environments
� C onventiona l  l a ngu a ges

� Object Oriented
� P ro cedu ra l
� A s s em bl y

� S trea m l a ngu a ges
� S trea m I t
� B ro o k
� C g
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Streaming in Procedural Style
� Complicated loop nest

� Statements in loops 
r epr esent ac tor s

� C ir c u lar  b u f f er s f or  d ata items
� Sc h ed u ling  d one b y  h and
� L oop b ou nd s ad j u sted  
f or  c ac h e siz e

void s t e p ( f l oa t [ ]  in p u t ,  f l oa t [ ]  ou t p u t ,  in t i,  in t j )  
{
f l oa t  s u m  =  0 ;
f or  ( in t k = 0 ;  k < i;  k + + )

s u m  =  s u m +  in p u t [ k ] * h [ k + i] [ N ] ;
f or  ( in t k = i;  k < N ;  k + + )

s u m  =  s u m +  in p u t [ k ] * h [ k -i] [ N ] ;
ou t p u t [ j ]  =  s u m ;
in p u t [ i]  =  g e t D a t a ( ) ;

}

in t N  =  5 ;
in t B L O C K _ S I Z E  =  1 0 0 ;
void m a in ( )  {
f l oa t  in p u t [ ]  =  n e w  f l oa t [ N ] ;
f l oa t  ou t p u t [ ]  =  n e w  f l oa t [ B L O C K _ S I Z E ] ;
in t i,  j ;
f or  ( i= 0 ;  i< N ;  i+ + )

in p u t [ i]  =  g e t D a t a ( ) ;
w h il e  ( t r u e )  {

f or  ( ou t = 0 ;  i< N ;  i+ + ,  j + + )
s t e p ( in p u t ,  ou t p u t ,  i,  j ) ;

in t w h ol e S t e p s =  ( B L O C K _ S I Z E -j ) / N ;
f or  ( in t k = 0 ;  k < w h ol e S t e p s ;  k + + )
f or  ( i= 0 ;  i< N ;  i+ + ,  j + + )

s t e p ( in p u t ,  ou t p u t ,  i,  j ) ;
f or  ( i= 0 ;  j < B L O C K _ S I Z E ;  i+ + ,  j + + )
s t e p ( in p u t ,  ou t p u t ,  i,  j ) ;

dis p l a y B l oc k ( ou t p u t ) ;
}

}
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Streaming in Procedural Style
� Pro:

� Better performance than 
ob j ect-ori ented  s ty l e

� C on :
� O b s cu res  paral l el i s m and  
commu ni cati on patterns

� S ched u l i ng  and  b u ffer 
manag ement d one b y  hand

� Difficult get it right
� H a rd  to  m a in ta in
� I m p o s s ib le fo r co m p iler to  
o p tim iz e fo r giv en  res o urces

� No modularity
� A cto rs  a re m ix ed  w ith glo b a l 
v a ria b les  a n d  co n tro l flo w

� H ard to v is ualiz e  c omp utation

int N  =  5 ;
int B L O C K _ S I Z E  =  1 0 0 ;
v o id  m a in( )  {
f l o a t inp u t[ ]  =  ne w  f l o a t[ N ] ;
f l o a t o u tp u t[ ]  =  ne w  f l o a t[ B L O C K _ S I Z E ] ;
int i,  j ;
f o r  ( i= 0 ;  i< N ;  i+ + )

inp u t[ i]  =  g e tD a ta ( ) ;
w h il e  ( tr u e )  {

f o r  ( o u t= 0 ;  i< N ;  i+ + ,  j + + )
s te p ( inp u t,  o u tp u t,  i,  j ) ;

int w h o l e S te p s =  ( B L O C K _ S I Z E -j ) / N ;
f o r  ( int k = 0 ;  k < w h o l e S te p s ;  k + + )
f o r  ( i= 0 ;  i< N ;  i+ + ,  j + + )

s te p ( inp u t,  o u tp u t,  i,  j ) ;
f o r  ( i= 0 ;  j < B L O C K _ S I Z E ;  i+ + ,  j + + )
s te p ( inp u t,  o u tp u t,  i,  j ) ;

d is p l a y B l o c k ( o u tp u t) ;
}

}
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Stream Programming Models
� Prototyping environments
� C onventiona l  l a ngu a ges

� Object Oriented
� P ro cedu ra l
� A s s em bl y

� S trea m l a ngu a ges
� S trea m I t
� B ro o k
� C g
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Streaming in Assembly Code
� Example: Freq band detection

� U s ed in…
- metal detector
- g arag e door opener
- s pectru m analy z er

Source: 
A p p l i ca t i on  R ep ort  SP R A 4 1 4
T ex a s  I n s t rum en t s ,  1 9 9 9

A/D

Duplicate

LED

Detect

Band pass

LED

Detect

LED

Detect

LED

Detect
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DSP Implementation
; * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

;  Fi l e Name:  FI R0. ASM

;  Or i gi nat or :  Di gi t al  cont r ol  syst ems Apps gr oup - Houst on

;  Tar get  Sys:  ' C24x Eval uat i on Boar d

;

;  Descr i pt i on:  FI R bandpass f i l t er  whi ch det ect s t he pr esence of  a

;  500Hz si gnal .  I f  t he t one i s det ect ed an LED i s

;  l i t  by usi ng t he out put  por t .  Sampl i ng Fr equency

;  f or ced t o be 4kHz.

;

;  Last  Updat e:  9 June 1997

;

; * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

. i ncl ude f 240r egs. h

; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

;  I / O Mapped EVM Regi st er s

; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

DAC0 . set  0000h ; I nput  dat a r egi st er  f or  DAC0

DAC1 . set  0001h ; I nput  dat a r egi st er  f or  DAC1

DAC2 . set  0002h ; I nput  dat a r egi st er  f or  DAC2

DAC3 . set  0003h ; I nput  dat a r egi st er  f or  DAC3

DACUPDATE . set  0004h ; DAC Updat e Regi st er

; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

;  Var i abl e Decl ar at i ons f or  B2

; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

. bss GPR0, 1 ; Gener al  Pur pose Regi st er

. bss DAC0VAL, 1 ; DAC0 Channel  Val ue

. bss DAC1VAL, 1 ; DAC1 Channel  Val ue

. bss DAC2VAL, 1 ; DAC2 Channel  Val ue

. bss DAC3VAL, 1 ; DAC3 Channel  Val ue

; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

;  Vect or  addr ess decl ar at i ons

; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

. sect  " . vect or s"

RSVECT B START ;  Reset  Vect or

I NT1 B PHANTOM ;  I nt er r upt  Level  1

I NT2 B FI R_I SR ;  I nt er r upt  Level  2

I NT3 B PHANTOM ;  I nt er r upt  Level  3

I NT4 B PHANTOM ;  I nt er r upt  Level  4

I NT5 B PHANTOM ;  I nt er r upt  Level  5

I NT6 B PHANTOM ;  I nt er r upt  Level  6

RESERVED B PHANTOM ;  Reser ved

SW_I NT8 B PHANTOM ;  User  S/ W I nt er r upt

SW_I NT9 B PHANTOM ;  User  S/ W I nt er r upt

SW_I NT10 B PHANTOM ;  User  S/ W I nt er r upt

SW_I NT11 B PHANTOM ;  User  S/ W I nt er r upt

SW_I NT12 B PHANTOM ;  User  S/ W I nt er r upt

SW_I NT13 B PHANTOM ;  User  S/ W I nt er r upt

SW_I NT14 B PHANTOM ;  User  S/ W I nt er r upt

SW_I NT15 B PHANTOM ;  User  S/ W I nt er r upt

SW_I NT16 B PHANTOM ;  User  S/ W I nt er r upt

TRAP B PHANTOM ;  Tr ap vect or

NMI NT B PHANTOM ;  Non- maskabl e I nt er r upt

EMU_TRAP B PHANTOM ;  Emul at or  Tr ap

SW_I NT20 B PHANTOM ;  User  S/ W I nt er r upt

SW_I NT21 B PHANTOM ;  User  S/ W I nt er r upt

SW_I NT22 B PHANTOM ;  User  S/ W I nt er r upt

SW_I NT23 B PHANTOM ;  User  S/ W I nt er r upt

; ===================================================================
;  M A I  N C O D E - st ar t s her e
; ===================================================================
. t ext
NOP
START:  SETC I NTM ; Di sabl e i nt er r upt s
SPLK #0002h, I MR ; Mask al l  cor e i nt er r upt s
;  except  I NT2
LACC I FR ; Read I nt er r upt  f l ags
SACL I FR ; Cl ear  al l  i nt er r upt  f l ags
CLRC SXM ; Cl ear  Si gn Ext ensi on Mode
CLRC OVM ; Reset  Over f l ow Mode
CLRC CNF ; Conf i g Bl ock B0 t o Dat a mem
; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
;  Set  up PLL Modul e
; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
LDP #00E0h ; DP = 224;  Addr ess f or
; 7000h - 707Fh
; The f ol l owi ng l i ne i s necessar y i f  a pr evi ous pr ogr am set  t he PLL
; t o a di f f er ent  set t i ng t han t he set t i ngs whi ch t he appl i cat i on
; uses.  By di sabl i ng t he PLL,  t he CKCR1 r egi st er  can be modi f i ed
; so t hat  t he PLL can r un at  t he new set t i ngs when i t  i s r e- enabl ed.
SPLK #0000000001000001b, CKCR0 ; CLKMD=PLL Di sabl e
; SYSCLK=CPUCLK/ 2
;  5432109876543210
SPLK #0000000010111011b, CKCR1
; CLKI N( OSC) =10MHz, CPUCLK=20MHz
; CKCR1 - Cl ock Cont r ol  Regi st er  1
; Bi t s 7- 4 ( 1011) CKI NF( 3) - CKI NF( 0)  - Cr yst al  or  Cl ock- I n Fr equency
;  Fr equency = 10MHz
; Bi t  3 ( 1)  PLLDI V( 2)  - PLL di vi de by 2 bi t
;  Di vi de PLL i nput  by 2
; Bi t s 2- 0 ( 011)  PLLFB( 2) - PLLFB( 0)  - PLL mul t i pl i cat i on r at i o
;  PLL Mul t i pl i cat i on Rat i on = 4
;  5432109876543210
SPLK #0000000011000011b, CKCR0
; CLKMD=PLL Enabl e,  SYSCLK=CPUCLK/ 2
; CKCR0 - Cl ock Cont r ol  Regi st er  0
; Bi t s 7- 6 ( 11)  CLKMD( 1) , CLKMD( 0)  - Oper at i onal  mode of  Cl ock
;  Modul e
;  PLL Enabl ed;  Run on CLKI N on exi t i ng l ow power  mode
; Bi t s 5- 4 ( 00)  PLLOCK( 1) , PLLOCK( 0)  - PLL St at us.  READ ONLY
; Bi t s 3- 2 ( 00)  PLLPM( 1) , PLLPM( 0)  - Low Power  Mode
;  LPM0
; Bi t  1 ( 0)  ACLKENA - 1MHz ACLK Enabl e
;  ACLK Enabl ed
; Bi t  0 ( 1)  PLLPS - Syst em Cl ock Pr escal e Val ue
;  f ( syscl k) =f ( cpucl k) / 2
;  5432109876543210
SPLK #0100000011000000b, SYSCR ; CLKOUT=CPUCLK
; SYSCR - Syst em Cont r ol  Regi st er
; Bi t  15- 14 ( 01)  RESET1, RESET0 - Sof t war e Reset  Bi t s
;  No Act i on
; Bi t s 13- 8 ( 000000)  Reser ved
; Bi t  7- 6 ( 11)  CLKSRC1, CLKSRC0 - CLKOUT- Pi n Sour ce Sel ect
;  CPUCLK:  CPU cl ock out put  mode
; Bi t  5- 0 ( 000000)  Reser ved
SPLK #006Fh,  WDCR ; Di sabl e WD i f  VCCP=5V ( JP5 i n pos.  2- 3)
KI CK_DOG ; Reset  Wat chdog

; * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - *
; - Event  Manager  Modul e Reset
; *
; - Thi s sect i on r eset s al l  of  t he Event  Manager  Modul e Regi st er s.
; * Thi s i s necessar y f or  si l i con r evsi on 1. 1;  however ,  f or
; - si l i con r evi si ons 2. 0 and l at er ,  t hi s i s not  necessar y
; *
; -
; * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - *
LDP #232 ; DP=232 Dat a Page f or  t he Event
; Manager
SPLK #0000h, GPTCON ; Cl ear  Gener al  Pur pose Ti mer  Cont r ol
SPLK #0000h, T1CON ; Cl ear  GP Ti mer  1 Cont r ol
SPLK #0000h, T2CON ; Cl ear  GP Ti mer  2 Cont r ol
SPLK #0000h, T3CON ; Cl ear  GP Ti mer  3 Cont r ol
SPLK #0000h, COMCON ; Cl ear  Compar e Cont r ol
SPLK #0000h, ACTR ; Cl ear  Ful l  Compar e Act i on Cont r ol
; Regi st er
SPLK #0000h, SACTR ; Cl ear  Si mpl e Compar e Act i on Cont r ol
; Regi st er
SPLK #0000h, DBTCON ; Cl ear  Dead- Band Ti mer  Cont r ol
; Regi st er
SPLK #0FFFFh, EVI FRA; Cl ear  I nt er r upt  Fl ag Regi st er  A
SPLK #0FFFFh, EVI FRB; Cl ear  I nt er r upt  Fl ag Regi st er  B
SPLK #0FFFFh, EVI FRC; Cl ear  I nt er r upt  Fl ag Regi st er  C
SPLK #0000h, CAPCON ; Cl ear  Capt ur e Cont r ol
SPLK #0000h, EVI MRA ; Cl ear  Event  Manager  Mask Regi st er  A
SPLK #0000h, EVI MRB ; Cl ear  Event  Manager  Mask Regi st er  B
SPLK #0000h, EVI MRC ; Cl ear  Event  Manager  Mask Regi st er  C
; * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - *
;  End of  RESET sect i on f or  si l i con r evi si on 1. 1 *
; * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - * - *
; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
;  Set  up Event  Manager  Modul e
; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
T1COMPARE . set  2500
T1PERI OD . set  5000 ; Set s up per i od f or  4kHz f r equency
LDP #232 ; DP=232,  Dat a Page f or  Event  Manager
Addr esses
SPLK #T1COMPARE, T1CMPR; Compar e val ue f or  50% dut y cycl e
;  2109876543210
SPLK #0000001010101b, GPTCON
; GPTCON - GP Ti mer  Cont r ol  Regi st er
; Bi t  15 ( 0)  T3STAT - GP Ti mer  3 St at us.  READ ONLY
; Bi t  14 ( 0)  T2STAT - GP Ti mer  2 St at us.  READ ONLY
; Bi t  13 ( 0)  T1STAT - GP Ti mer  1 St at us.  READ ONLY
; Bi t s 12- 11 ( 00)  T3TOADC - ADC st ar t  by event  of  GP Ti mer  3
;  No event  st ar t s ADC
; Bi t s 10- 9 ( 00)  T2TOADC - ADC st ar t  by event  of  GP Ti mer  2
;  No event  st ar t s ADC
; Bi t s 8- 7 ( 00)  T1TOADC - ADC st ar t  by event  of  GP Ti mer  1
;  No event  st ar t s ADC
; Bi t  6 ( 1)  TCOMPOE - Compar e out put  enabl e
;  Enabl e al l  t hr ee GP t i mer  compar e out put s
; Bi t s 5- 4 ( 01)  T3PI N - Pol ar i t y of  GP Ti mer  3 compar e out put
;  Act i ve Low
; Bi t s 3- 2 ( 01)  T2PI N - Pol ar i t y of  GP Ti mer  2 compar e out put
;  Act i ve Low
; Bi t s 1- 0 ( 01)  T1PI N - Pol ar i t y of  GP Ti mer  1 compar e out put
;  Act i ve Low
SPLK #T1PERI OD, T1PR ; Per i od val ue f or  2kHz si gnal
SPLK #0000h, T1CNT ; Cl ear  GP Ti mer  1 Count er
SPLK #0000h, T2CNT ; Cl ear  GP Ti mer  2 Count er
SPLK #0000h, T3CNT ; Cl ear  GP Ti mer  3 Count er
;  5432109876543210
SPLK #0001000000000010b, T1CON

Source: Application Report SPRA414, Texas Instruments, 1999
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Cont.
; T1CON - GP Ti mer  1 Cont r ol  Regi st er
; Bi t s 15- 14( 00)  FREE, SOFT - Emul at i on Cont r ol  Bi t s
;  St op i mmedi at el y on emul at i on suspend
; Bi t s 13- 11( 010)  TMODE2- TMODE0 - Count  Mode Sel ect i on
;  Cont i nuous- Up Count  Mode
; Bi t s 10- 8 ( 000)  TPS2- TPS0 - I nput  Cl ock Pr escal er
;  Di vi de by 1
; Bi t  7 ( 0)  Reser ved
; Bi t  6 ( 0)  TENABLE - Ti mer  Enabl e
;  Di sabl e t i mer  oper at i ons
; Bi t s 5- 4 ( 00)  TCLKS1, TCLKS0 - Cl ock Sour ce Sel ect
;  I nt er nal  Cl ock Sour ce
; Bi t s 3- 2 ( 00)  TCLD1, TCLD0 - Ti mer  Compar e Regi st er  Rel oad
;  Condi t i on
;  When count er  i s 0
; Bi t  1 ( 1)  TECMPR - Ti mer  compar e enabl e
;  Enabl e t i mer  compar e oper at i on
; Bi t  0 ( 0)  Reser ved
;  5432109876543210
SPLK #0000000000000000b, T2CON
; GP Ti mer  2 - Not  Used
; T2CON - GP Ti mer  2 Cont r ol  Regi st er
; Bi t s 15- 14( 00)  FREE, SOFT - Emul at i on Cont r ol  Bi t s
;  St op i mmedi at el y on emul at i on suspend
; Bi t s 13- 11( 000)  TMODE2- TMODE0 - Count  Mode Sel ect i on
;  St op/ Hol d
; Bi t s 10- 8 ( 000)  TPS2- TPS0 - I nput  Cl ock Pr escal er
;  Di vi de by 1
; Bi t  7 ( 0)  TSWT1 - GP Ti mer  1 t i mer  enabl e bi t
;  Use own TENABLE bi t
; Bi t  6 ( 0)  TENABLE - Ti mer  Enabl e
;  Di sabl e t i mer  oper at i ons
; Bi t s 5- 4 ( 00)  TCLKS1, TCLKS0 - Cl ock Sour ce Sel ect
;  I nt er nal  Cl ock Sour ce
; Bi t s 3- 2 ( 00)  TCLD1, TCLD0 - Ti mer  Compar e Regi st er  Rel oad
;  Condi t i on
;  When count er  i s 0
; Bi t  1 ( 0)  TECMPR - Ti mer  compar e enabl e
;  Di sabl e t i mer  compar e oper at i on
; Bi t  0 ( 0)  SELT1PR - Per i od Regi st er  sel ect
;  Use own per i od r egi st er
;  5432109876543210
SPLK #0000000000000000b, T3CON
; GP Ti mer  3 - Not  Used
; T3CON - GP Ti mer  3 Cont r ol  Regi st er
; Bi t s 15- 14( 00)  FREE, SOFT - Emul at i on Cont r ol  Bi t s
;  St op i mmedi at el y on emul at i on suspend
; Bi t s 13- 11( 000)  TMODE2- TMODE0 - Count  Mode Sel ect i on
;  St op/ Hol d
; Bi t s 10- 8 ( 000)  TPS2- TPS0 - I nput  Cl ock Pr escal er
;  Di vi de by 1
; Bi t  7 ( 0)  TSWT1 - GP Ti mer  1 t i mer  enabl e bi t
;  Use own TENABLE bi t
; Bi t  6 ( 0)  TENABLE - Ti mer  Enabl e
;  Di sabl e t i mer  oper at i ons
; Bi t s 5- 4 ( 00)  TCLKS1, TCLKS0 - Cl ock Sour ce Sel ect
;  I nt er nal  Cl ock Sour ce
; Bi t s 3- 2 ( 00)  TCLD1, TCLD0 - Ti mer  Compar e Regi st er  Rel oad
;  Condi t i on
;  When count er  i s 0
; Bi t  1 ( 0)  TECMPR - Ti mer  compar e enabl e
;  Di sabl e t i mer  compar e oper at i on
; Bi t  0 ( 0)  SELT1PR - Per i od Regi st er  sel ect
;  Use own per i od r egi st er

; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
;  Set  up Di gi t al  I / O Por t
; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
LDP #225 ; DP=225,  Dat a Page t o Conf i gur e OCRA
;  5432109876543210
SPLK #0011100000001111b, OCRA
; OCRA - Out put  Cont r ol  Regi st er  A
; Bi t  15 ( 0)  CRA. 15 - I OPB7
; Bi t  14 ( 0)  CRA. 14 - I OPB6
; Bi t  13 ( 1)  CRA. 13 - T3PWM/ T3CMP
; Bi t  12 ( 1)  CRA. 12 - T2PWM/ T2CMP
; Bi t  11 ( 1)  CRA. 11 - T1PWM/ T1CMP
; Bi t  10 ( 0)  CRA. 10 - I OPB2
; Bi t  9 ( 0)  CRA. 9 - I OPB1
; Bi t  8 ( 0)  CRA. 8 - I OPB0
; Bi t s 7- 4 ( 0000) Reser ved
; Bi t  3 ( 1)  CRA. 3 - ADCI N8
; Bi t  2 ( 1)  CRA. 2 - ADCI N9
; Bi t  1 ( 1)  CRA. 1 - ADCI N1
; Bi t  0 ( 1)  CRA. 0 - ADCI N0
; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
;  Set  up ADC Modul e
; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
LDP #224
;  5432109876543210
SPLK #1000100100000000b, ADCTRL1
; ADCTRL1 - ADC Cont r ol  Regi st er  1
; Bi t  15 ( 1)  Suspend- SOFT -
;  Compl et e Conver si on bef or e hal t i ng emul at or
; Bi t  14 ( 0)  Suspend- FREE -
;  Oper at i ons i s det er mi ned by Suspend- SOFT
; Bi t  13 ( 0)  ADCI MSTART - ADC st ar t  conver t i ng i mmedi at el y
;  No Act i on
; Bi t  12 ( 0)  ADC2EN - Enabl e/ Di sabl e ADC2
;  Di sabl e ADC2
; Bi t  11 ( 1)  ADC1EN - Enabl e/ Di sabl e ADC1
;  Enabl e ADC1
; Bi t  10 ( 0)  ADCCONRUN - ADC Cont i nuous Conver si on Mode
;  Di sabl e Cont i nuous Conver si on
; Bi t  9 ( 0)  ADCI NTEN - Enabl e ADC I nt er r upt
;  Mask ADC I nt er r upt
; Bi t  8 ( 1)  ADCI NTFLAG - ADC I nt er r upt  Fl ag
;  Cl ear  I nt er r upt  Fl ag Bi t
; Bi t  7 ( 0)  ADCEOC - End of  Conver si on Bi t  READ ONLY
; Bi t s 6- 4 ( 000)  ADC2CHSEL - ADC2 Channel  Sel ect
;  Channel  8
; Bi t s 3- 1 ( 000)  ADC1CHSEL - ADC1 Channel  Sel ect
;  Channel  0
; Bi t  0 ( 0)  ADCSOC - ADC St ar t  of  conver si on bi t
;  No Act i on
;  5432109876543210
SPLK #0000000000000101b, ADCTRL2
; ADCTRL2 - ADC Cont r ol  Regi st er  2
; Bi t s 15- 11 ( 00000) Reser ved
; Bi t  10 ( 0)  ADCEVSOC - Event  Manager  SOC mask bi t
;  Mask ADCEVSOC
; Bi t  9 ( 0)  ADCEXTSOC - Ext er nal  SOC mask bi t
;  Mask ADCEXTSOC
; Bi t  8 ( 0)  Reser ved
; Bi t s 7- 6 ( 00)  ADCFI FO1 - Dat a Regi st er  FI FO1 St at us READ
ONLY
; Bi t  5 ( 0)  Reser ved
; Bi t s 4- 3 ( 00)  ADCFI FO2 - Dat a Regi st er  FI FO2 St at us READ
ONLY
; Bi t s 2- 0 ( 101)  ADCPSCALE - ADC I nput  Cl ock Pr escal er
;  Pr escal e Val ue 16
;  SYSCLK Per i od = 0. 1usec
;  0. 1usec x 16 x 6 = 9. 6 usec >= 6usec

; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
;  Set  up DAC Modul e
; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
; The DAC modul e r equi r es t hat  wai t  st at es be gener at ed f or  pr oper
; oper at i on.
LDP #0000h ; Set  Dat a Page Poi nt er  t o 0000h,  Bl ock B2
SPLK #4h, GPR0 ; Set  Wai t  St at e Gener at or  f or
OUT GPR0, WSGR ; Pr ogr am Space,  0WS
; Dat e Space,  0WS
; I / O Space,  1WS
; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
;  MAI N LI NE
; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
. sect  " . bl k0"
XVALUE . wor d 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0
. wor d 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0
. wor d 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0
. wor d 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0
. wor d 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0
. sect  " . bl k1"
VALUEI N . wor d 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0
. wor d 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0
. wor d 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0
. wor d 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0
VALUEOUT . wor d 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0
. wor d 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0
. wor d 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0
. wor d 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0
. dat a
; Coef f i ci ent s f or  500Hz Bandpass f i l t er  f or  4kHz Sampl i ng Fr equency
BCOEFF . wor d 0000h, 0002h, 0002h, 0001h
. wor d 0000h, 0000h, 0000h, 0FFFFh
. wor d 0FFFFh, 0000h, 0000h, 0002h
. wor d 0002h, 0FFFFh, 0FFF9h, 0FFF7h
. wor d 0000h, 0013h, 0025h, 0021h
. wor d 0FFFBh, 0FFBCh, 0FF90h, 0FFA7h
. wor d 0011h, 00A4h, 00FDh, 00BFh
. wor d 0FFDEh, 0FEC3h, 0FE2Ah, 0FEA7h
. wor d 0033h, 0206h, 02F1h, 0220h
. wor d 0FFC2h, 0FD19h, 0FBD6h, 0FD05h
. wor d 003Ch, 03B8h, 054Ah, 03C5h
. wor d 0FFD4h, 0FBB4h, 0F9EAh, 0FBADh
. wor d 0010h, 0484h, 0660h, 0484h
. wor d 0010h, 0FBADh, 0F9EAh, 0FBB4h
. wor d 0FFD4h, 03C5h, 054Ah, 03B8h
. wor d 003Ch, 0FD05h, 0FBD6h, 0FD19h
. wor d 0FFC2h, 0220h, 02F1h, 0206h
. wor d 0033h, 0FEA7h, 0FE2Ah, 0FEC3h
. wor d 0FFDEh, 00BFh, 00FDh, 00A4h
. wor d 0011h, 0FFA7h, 0FF90h, 0FFBCh
. wor d 0FFFBh, 0021h, 0025h, 0013h
. wor d 0000h, 0FFF7h, 0FFF9h, 0FFFFh
. wor d 0002h, 0002h, 0000h, 0000h
. wor d 0FFFFh, 0FFFFh, 0000h, 0000h
. wor d 0000h, 0001h, 0002h, 0002h
. wor d 0000h
LEDS . set  000Ch ; I / O Addr ess f or  LEDS r egi st er
WI NDOW . set  500 ; Number  of  smpl s t o check bef or e
; r eset ’ g MAX val ues
. bss LEDSOUT, 1 ; Var i abl e f or  whi ch LEDS t o l i ght
. bss MAXI N, 1 ; Maxi mum val ue i nput  val ue
. bss MAXOUT, 1 ; Maxumum FI R r esul t  val ue
. bss DI FFI N, 1 ; Maxi mum I nput  Val ue - DC Of f set
; ( 7f f h)
. bss DI FFOUT, 1 ; Maxi mum Out put  val ue - DC Of f set
; ( 7f f h)
. bss THRESHOLD1, 1 ; Thr eshol d val ue f or  1st  LED
. bss THRESHOLD2, 1 ; Thr eshol d val ue f or  2nd LED
. bss THRESHOLD3, 1 ; Thr eshol d val ue f or  3r d LED
. bss THRESHOLD4, 1 ; Thr eshol d val ue f or  4t h LED
. bss THRESHOLD5, 1 ; Thr eshol d val ue f or  5t h LED
. bss THRESHOLD6, 1 ; Thr eshol d val ue f or  6t h LED
. bss THRESHOLD7, 1 ; Thr eshol d val ue f or  7t h LED
. bss THRESHOLD8, 1 ; Thr eshol d val ue f or  8t h LED
. bss RESET_MAX, 1 ; Count er  t o det er mi ne when t oSource: Application Report SPRA414, Texas Instruments, 1999
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Cont. Cont.
; r eset  MAX val ues
. bss TEMP, 1 ; Var i abl e f or  t empor ar y st or age
; of  val ues
. t ext
MAI N LAR AR1, #ADCFI FO1 ;  AR1 = ADCFI FO1 addr ess
LAR AR2, #ADCTRL1 ;  AR2 = ADCTRL1 addr ess
LAR AR3, #BCOEFF ;  AR3 = BCOEFF addr ess
LAR AR5, #LEDS ;  AR5 = LEDS Out put
LDP #232
LACC EVI FRA ; ACC = Event  Modul e Type A I nt er r upt
; Fl ags
SACL EVI FRA ; EVI FRA = ACC;  Cl ear s t he cur r ent
; set  f l ags
SPLK #0080h, EVI MRA ;  Enabl e Ti mer  1 Per i od
;  I nt er r upt
MAR * , AR2 ; ARP = AR2
LACC *  ; ACC = ADCTRL1
ADD #1 ; SET BI T FOR SI NGLE CONVERSI ON
SACL * , 0, AR1 ; STARTS ADC CONVERSI ON
SBI T1 T1CON, B6_MSK ; Set s Bi t  6 of  T1CON;  St ar t s
; t he t i mer
LDP #0 ; DP = 0;  Addr esses 0000h - 007Fh
SPLK #0000h, LEDSOUT ; Cl ear  t he LEDS
OUT LEDSOUT, LEDS
SPLK #0E38h, THRESHOLD1; Q15 val ue f or  1/ 9
SPLK #1C71h, THRESHOLD2; Q15 val ue f or  2/ 9
SPLK #2AAAh, THRESHOLD3; Q15 val ue f or  3/ 9
SPLK #38E3h, THRESHOLD4; Q15 val ue f or  4/ 9
SPLK #471Ch, THRESHOLD5; Q15 val ue f or  5/ 9
SPLK #5555h, THRESHOLD6; Q15 val ue f or  6/ 9
SPLK #638Eh, THRESHOLD7; Q15 val ue f or  7/ 9
SPLK #71C7h, THRESHOLD8; Q15 val ue f or  8/ 9
SPLK #0000h, MAXI N ; I ni t i al i ze Maxmi mum i nput
; val ue
SPLK #0000h, MAXOUT ; I ni t i al i ze Maxi mum FI R out put
; val ue
SPLK #WI NDOW, RESET_MAX ; I ni t i al i ze t he maxi mum
; r eset  count er
CLRC I NTM ; Enabl e I nt er r upt s
WAI T B WAI T ; Wai t  f or  i nt er r upt
; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
;  I NTERRUPT SERVI CE ROUTI NES FOR FI R FI LTER
; - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
FI R_I SR LAR AR4, #XVALUE+100 ; AR4 = DATA ADDRESS
MAR * , AR1 ; ARP = AR1 = ADCFI FO1
LACC * , 0, AR4 ; ACC = ADCFI FO1;  ARP =
AR4
LDP #0 ; DP = 0
; Addr esses 0000h - 007Fh
SACL DAC1VAL ; DAC1VAL = ADCFI FO1
RPT #7 ; Shi f t  ADC val ue 8 pl aces
;  - Reduce t o 8 bi t  val ue
SFR ; Lar ger  bi t  val ues pr oduced
; l ar ge r esul t s
SUB #7Fh ; Subt r act  t he equi val ent  8 bi t
; DC of f set
LDP #04h ; DP = 4;  Addr ess 0200h - 027Fh
SACL XVALUE ; XVALUE = ADCFI FO1 /  256;
LACC #0h ; I ni t i al i ze t he ACCUMULATOR
MPY #0h ; I ni t i al i ze t he PROD REG
RPT #100 ; Cal cul at e Y
MACD BCOEFF, * - ; Mul t i pl y X wi t h B,  and add
APAC ; f i nal  accumul at i on
LDP #0
RPT #7 ; Shi f t  t he r esul t  8 pl aces t o l ef t
SFL
SACH DAC0VAL, 1 ; DAC0VAL = Y *  2;  shi f t  t o
; r emove ext r a si gn bi t
; FI R r esul t  t o out put

; Mul t i pl y t he val ues by 5/ 4 because t he maxi mum gai n i s 4/ 5
LT DAC0VAL ; TREG = DAC0VAL
MPY #5 ; PREG = DAC0VAL *  5
PAC ; ACC = PREG = DAC0VAL *  5
SFR ; ACC = DAC0VAL *  5 /  2
SFR ; ACC = DAC0VAL *  5 /  4
SACL DAC0VAL ; DAC0VAL = DAC0VAL *  5/ 4
LACC DAC0VAL ; ACC = DAC0VAL
RPT #3 ; Shi f t  r i ght  4 t i mes
;  = 16 bi t  val ue t o
SFR ; 12 bi t  val ue because
; DAC i s 12bi t s
ADD #7FFh ; Add DC of f set
AND #0FFFh ; Ensur e 12 bi t s
SACL DAC0VAL ; St or e val ue f or  out put  on t he DAC
LDP #7 ; DP=7;  Addr ess f or  0380h t o 03FFh
SACL VALUEOUT ; St or e val ue t o f i nd maxi mum
; val ue of  t he out put  val ues
LAR AR6, #( VALUEOUT+127- 1)  ; AR6 = End of  VALUE OUT
; buf f er
LAR AR7, #126 ; AR7 = 127 - 1;  Number  of
; val ues t o move
MAR * , AR6 ; ARP = AR6
SHI FT1 DMOV * - , AR7 ; Move al l  of  t he val ues i n
; t he VALUEOUT
BANZ SHI FT1, * - , AR6 ; Dat a Buf f er  t o t he next
; hi gher  addr ess
LDP #0 ; DP = 0;  Addr esses 0000h - 007Fh
LACC DAC1VAL ; ACC = DAC1VAL = I nput  Val ue
RPT #3 ; Shi f t  t he val ue t o t he
; r i ght  4 t i mes
SFR ; Conver t  t he val ue f r om 16
; bi t s t o 12 bi t s
SACL DAC1VAL ; DAC1VAL = 12 bi t  val ue f or  DAC
LDP #6 ; DP = 6;  Addr esses 0300h - 037Fh
SACL VALUEI N ; VALUEI N = DAC1VAL
LAR AR6, #( VALUEI N+127- 1) ; AR6 = End of  VALUE I N
; buf f er
LAR AR7, #126 ; AR7 = 127 - 1;  Number  of
; val ues t o move
MAR * , AR6 ; ARP = AR6
SHI FT2 DMOV * - , AR7 ; Move al l  of  t he val ues i n
; t he VALUEI N
BANZ SHI FT2, * - , AR6 ; Dat a Buf f er  t o t he next
; hi gher  addr ess
; Out put s t he FI R r esul t s and t he or i gi nal  val ue
; DAC0 has t he FI R r esul t s and DAC1 has t he or i gi nal  val ue
LDP #0
OUT DAC0VAL, DAC0 ; DAC0 = DAC0VAL;  FI R r esul t  on
; DAC channel  0
OUT DAC1VAL, DAC1 ; DAC1 = DAC1VAL;  I nput  val ue
; on DAC channel  1
OUT DAC0VAL, DACUPDATE
; Updat e t he val ues on t he DAC
; Fi nd t he maxi mum val ue among VALUEI N and VALUEOUT f or  t he LEDs
LACC RESET_MAX ; ACC = RESET_MAX
;  Max Reset  Count er
SUB #1 ; Decr ement  by 1
SACL RESET_MAX ; St or e new val ue f or  RESET_MAX
BCND NO_RESET, GT ; I f  not  WI NDOWt h val ue,  don’ t
; r eset  count er
SPLK #WI NDOW, RESET_MAX
; El se r eset  t he max r eset  count er
SPLK #0000h, MAXI N ; Reset  t he MAXI N val ue
SPLK #0000h, MAXOUT ; Reset  t he MAXOUT val ue
NO_RESET LAR AR6, #VALUEI N ; AR6 = VALUEI N;  Begi nni ng of

; Dat a I n Buf f er
LAR AR7, #127 ; AR7 = 128 - 1;  Count er  t o f i nd
; max val ue i n
MAR * , AR6 ; ARP = AR6
FI ND_MAXI N LACC * +, 0, AR7 ; ACC = Val ue poi nt ed by AR6
SUB MAXI N ; Subt r act  MAXI N
BCND RESUME1, LEQ ; I f  t he val ue r esul t s i n a
; val ue l ess t han 0,
; t hen t he val ue i s smal l er
; t han MAXI N,  el se t he
; val ue i s l ar ger  t han MAXI N
ADD MAXI N ; ACC = Val ue poi nt ed by AR6
SACL MAXI N ; St or e new MAXI N val ue
RESUME1 BANZ FI ND_MAXI N, * - , AR6 ; I f  smal l er  t han MAXI N,
; decr ement  l oop count er
; ( AR7) ,  move t o next  val ue i n
; buf f er
LAR AR7, #127 ; Si nce VALUEI N buf f er  i s
; adj acent  t o
; VALUEOUT buf f er ,  onl y AR7
; needs t o be r eset
; ARP i s al r eady AR6
FI ND_MAXOUT LACC * +, 0, AR7 ; ACC = Val ue poi nt ed by AR6
SUB MAXOUT ; Subt r act  MAXOUT
BCND RESUME2, LEQ ; I f  t he val ue r esul t s i n a
; val ue l ess t han 0,
; t hen t he val ue i s smal l er  t han
; MAXOUT,  el s
; t he val ue i s l ar ger  t han
; MAXOUT
ADD MAXOUT ; ACC = Val ue poi nt ed by AR6
SACL MAXOUT ; St or e new MAXOUT val ue
RESUME2 BANZ FI ND_MAXOUT, * - , AR6 ; I f  smal l er  t han MAXOUT,
; dec l oop count er  ( AR7) ,
; move t o next  val ue i n buf f er
; The f ol l owi ng sect i on det er mi nes i f  t he val ue meet s t he t hr eshol d
; r equi r ement
LDP #0 ; DP = 0;  Addr esses 0000h t o 007Fh
; Al l  var i abl es used ar e i n B2
; Need t o r emove t he DC of f set  because i f  t he FI R r esul t  i s 0 i t  wi l l
; equal  7f f h whi ch i s al r eady 50% of  t he maxi mum i nput  val ue
LACC MAXI N ; ACC = MAXI N
SUB #7FFh ; Subt r act  t he DC of f set
SACL DI FFI N ; DI FFI N = MAXI N - 7f f h
LACC MAXOUT ; ACC = MACOUT
SUB #7FFh ; Subt r act  t he DC of f set
SACL DI FFOUT ; DI FFOUT = MAXOUT - 7f f h
; Check i f  t he out put  exceeds t he mi ddl e t hr eshol d val ue,  THRESHOLD4
LT DI FFI N ; TREG = DI FFI N
TH4 MPY THRESHOLD4 ; PREG = DI FFI N *  THRESHOLD4
PAC ; ACC = PREG
SACH TEMP, 1 ; TEMP = ACC* 2;  Shi f t  t o r emove
; ext r a si gn bi t
LACC TEMP ; ACC = TEMP
SUB DI FFOUT ; Subt r act  DI FFOUT
BCND ABOVE4, LT ; I f  DI FFOUT i s gr eat er  t han
; TEMP,  t hen t he FI R r esul t  i s
; gr eat er  t han VALUEI N *  THRESHOLD4,
; el se,  i t  i s bel ow THRESHOLD4 val ue
; Out put  i s bel ow THRESHOLD4.  Check i f  above THRESHOLD2
BELOW4 LT DI FFI N
TH2 MPY THRESHOLD2
PAC
SACH TEMP, 1
LACC TEMP
SUB DI FFOUT
BCND ABOVE2, LT
; Out put  i s bel ow THRESHOLD4 & THRESHOLD2.  Check i f  above THRESHOLD1
BELOW2 LT DI FFI N
TH1 MPY THRESHOLD1
PAC
SACH TEMP, 1
LACC TEMP
SUB DI FFOUT
BCND ABOVE1, LTSource: Application Report SPRA414, Texas Instruments, 1999
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Cont. Cont. Cont.
;Output is below THRESHOLD4, THRESHOLD2, & THRESHOLD1. Turn off LEDS
BELOW1 SPLK #0000h,LEDSOUT
B OUTLEDS
;Output is below THRESHOLD4, THRESHOLD2, but above THRESHOLD1. Turn
;on DS1
ABOVE1 SPLK #0001h,LEDSOUT
B OUTLEDS
;Output is below THRESHOLD4, but above THRESHOLD2. Check if above
;THRESHOLD3
ABOVE2 LT DIFFIN
TH3 MPY THRESHOLD3
PAC
SACH TEMP,1
LACC TEMP
SUB DIFFOUT
BCND ABOVE3,LT
;Output is below THRESHOLD4 and THRESHOLD3, but above THRESHOLD2.
;Turn on DS1-DS2
BELOW3 SPLK #0003h,LEDSOUT
B OUTLEDS
;Output is below THRESHOLD4, but above THRESHOLD3 and THRESHOLD2.
;Turn on DS1-DS3
ABOVE3 SPLK #0007h,LEDSOUT
B OUTLEDS
;Output is above THRESHOLD4. Check if above THRESHOLD6
ABOVE4 LT DIFFIN
TH6 MPY THRESHOLD6
PAC
SACH TEMP,1
LACC TEMP
SUB DIFFOUT
BCND ABOVE6,LT
;Output is above THRESHOLD4, but below THRESHOLD6. Check if above
;THRESHOLD5.
BELOW6 LT DIFFIN
TH5 MPY THRESHOLD5
PAC
SACH TEMP,1
LACC TEMP
SUB DIFFOUT
BCND ABOVE5,LT
;Output is above THRESHOLD4, but below THRESHOLD6 & THRESHOLD5. Turn
;on DS1-DS4
BELOW5 SPLK #000Fh,LEDSOUT
B OUTLEDS
;Output is above THRESHOLD4 & THRESHOLD5, but below THRESHOLD6.
;Turn on DS1-DS5
ABOVE5 SPLK #001Fh,LEDSOUT
B OUTLEDS
;Output is above THRESHOLD4 & THRESHOLD6. Check if above THRESHOLD8.
ABOVE6 LT DIFFIN
TH8 MPY THRESHOLD8
PAC
SACH TEMP,1
LACC TEMP
SUB DIFFOUT
BCND ABOVE8,LT
;Output is above THRESHOLD4 & THRESHOLD6, but below THRESHOLD8.
;Check if above THRESHOLD7.
BELOW8 LT DIFFIN
TH7 MPY THRESHOLD7
PAC
SACH TEMP,1
LACC TEMP
SUB DIFFOUT
BCND ABOVE7,LT

;Output is above THRESHOLD4 & THRESHOLD6, but below THRESHOLD8 &
;THRESHOLD7. Turn on DS1-DS6
BELOW7 SPLK #003Fh,LEDSOUT
B OUTLEDS
;Output is above THRESHOLD4, THRESHOLD6, & THRESHOLD7, but below
;THRESHOLD8. Turn on ;DS1-DS7
ABOVE7 SPLK #007Fh,LEDSOUT
B OUTLEDS
;Output is above THRESHOLD4, THRESHOLD6, & THRESHOLD8. Turn on
;DS1-DS8
ABOVE8 SPLK #00FFh,LEDSOUT
OUTLEDS OUT LEDSOUT,LEDS ;Turn on the LEDS
RESTART_ADC MAR *,AR2 ;ARP = AR2
LACC * ;ACC = ADCTRL1
ADD #1h ;Set bit to restart the ADC
SACL * ;Start converting next value
LDP #232
LACC EVIFRA ;Clear the flag register of
;Event Manager
SACL EVIFRA
CLRC INTM ;ENABLE INTERRUPTS
RET ;Return to main line
;===================================================================
; I S R - PHANTOM
;
; Description: Dummy ISR, used to trap spurious interrupts.
;
; Modifies:
;
; Last Update: 16-06-95
;===================================================================

PHANTOM B PHANTOM

Source: Application Report SPRA414, Texas Instruments, 1999
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DSP Implementation (Excerpt) 

Source: Application Report SPRA414, Texas Instruments, 1999

;The following section determines if the value meets the threshold
;req uirement
L D P  # 0  ;D P  =  0 ; A ddresses 0 0 0 0 h to 0 0 7 F h
;A ll variab les used are in B 2
;N eed to remove the D C  offset b ecause if the F I R  result is 0  it will
;eq ual 7 ffh which is already  5 0 %  of the max imum inp ut value
L A C C  M A X I N  ;A C C  =  M A X I N
S U B  # 7 F F h ;S ub tract the D C  offset
S A C L  D I F F I N  ;D I F F I N  =  M A X I N  - 7 ffh
L A C C  M A X O U T ;A C C  =  M A C O U T
S U B  # 7 F F h ;S ub tract the D C  offset
S A C L  D I F F O U T ;D I F F O U T =  M A X O U T - 7 ffh
;C heck  if the outp ut ex ceeds the middle threshold value,  TH R E S H O L D 4
L T D I F F I N  ;TR E G  =  D I F F I N
TH 4  M P Y  TH R E S H O L D 4  ;P R E G  =  D I F F I N  *  TH R E S H O L D 4
P A C  ;A C C  =  P R E G
S A C H  TE M P , 1  ;TE M P  =  A C C * 2 ; S hift to remove
;ex tra sign b it
L A C C  TE M P  ;A C C  =  TE M P
S U B  D I F F O U T ;S ub tract D I F F O U T
B C N D  A B O V E 4 , L T ;I f D I F F O U T is greater than
;TE M P ,  then the F I R  result is
;greater than V A L U E I N  *  TH R E S H O L D 4 ,
;else,  it is b elow TH R E S H O L D 4  value
;O utp ut is b elow TH R E S H O L D 4 .  C heck  if ab ove TH R E S H O L D 2
B E L O W 4  L T D I F F I N
TH 2  M P Y  TH R E S H O L D 2
P A C
…
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Streaming in Assembly Code
� Pro:  Fast!
� C on :

� Extremely tedious, costly, and error-p rone
� N ot p ortab le b etw een arch itectures
� V ery h ard to maintain

� Move center frequency from 500 Hz to 1200 Hz?
� A ccord i ng  to T I ,  i n th e conventi ona l  d es i g n fl ow :

� Redesign filter in MATLAB
� C u t-a nd-p a ste v a lu es to  E X C E L
� Rec a lc u la te th e c o effic ients
� U p da te th e a ssem b ly  c o de

� W i l l  a d d res s  th i s  i s s ue a g a i n l a ter tod a y,  i n s ecti on 
on D oma i n S p eci fi c O p ti mi za ti ons
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Stream Languages to the Rescue
� Goals of a stream language:

� Expose parallelism
� Expose c ommu n ic at ion  pat t ern s
� En c apsu lat e c ommon  id ioms

� Autonomous filters
� C irc ula r b uffers

� Vision:
A unified, high-l ev el  p r o gr a m m ing env ir o nm ent  t ha t  
a c hiv es t he p er fo r m a nc e o f ha nd-c o ded a s s em b l y

I m p r ov e  B O T H  p e r f or m a nc e  a nd
p r og r a m m e r  p r od u c t iv it y
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Stream Programming Models
� Prototyping environments
� C onventiona l  l a ngu a ges

� Object Oriented
� P ro cedu ra l
� A s s em bl y

� S trea m l a ngu a ges
� S trea m I t
� B ro o k
� C g
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The S t r ea m I t L a n g u a g e
� A high-l e v e l ,  a r c hit e c t u r e -in d e p e n d e n t  
l a n gu a ge  f o r  s t r e a m in g a p p l ic a t io n s

� C u r r e n t  f o c u s  d o m a in :   S y n c hr o n o u s  D a t a f l o w
� C o n t r ib u t io n s

� Language Design, Structured Streams, Buffer 
M anagement (CC 2002)

� Exploiting Wire-Expos ed  A rc h itec tu res  (A S P L O S  2002)
� S c h ed u ling of  S ta tic  D a ta f low  G ra ph s  (L CT E S  2003 )
� D om a in S pec if ic  O ptim iz a tions  (P L D I  2003 )
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Representing Streams
� Conventional wisdom: streams are graphs

� Graphs have no simple textual representation
� Graphs are d if f ic ult to analy z e and  optimiz e

� I nsight: stream programs have stru c tu re

unstructured structured
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� Hierarchical structures:
� Pipeline
� S plit J o in

� F eed b a c k  L o o p

� B asic p ro g ram m ab le un it:  F ilter

Structured Streams
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Freq band detection in StreamIt

A/D

Duplicate

LED

Detect

Band pass

LED

Detect

LED

Detect

LED

Detect

void->void pipeline FrequencyBand {
float sFreq = 4000; 
float cFreq = 500/(sFreq*2*pi); 
float  wFreq = 100/(sFreq*2*pi);

add D2ASource(sFreq);

add BandPassFilter(1, cFreq-wFreq, 
cFreq+wFreq, 100);

add splitjoin {

split duplicate;
for (int i=0; i<4; i++) {

add pipeline {
add Detector(i/4);

add LEDOutput(i);
}

}
join roundrobin(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 38

Freq band detection in StreamIt

A/D

Duplicate

LED

Detect

LED

Detect

LED

Detect

LED

Detect

void->void pipeline FrequencyBand {
float sFreq = 4000; 
float cFreq = 500/(sFreq*2*pi); 
float  wFreq = 100/(sFreq*2*pi);

add D2ASource(sFreq);

BandPassFilter(1, cFreq-wFreq, 
cFreq+wFreq, 100);

add

add splitjoin {

split duplicate;
for (int i=0; i<4; i++) {

add pipeline {
add Detector(i/4);

add LEDOutput(i);
}

}
join roundrobin(0);

}
}

float->float pipeline BandPassFilter(float gain, float ws, 
float wp, int num) {

add LowPassFilter(1, wp, num);

add HighPassFilter(gain, ws, num);
}

Low pass

High pass Ba
nd
 pa

ss
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Filter Example:  L o w P as s Filter
float-> float filter L ow P as s F i lte r (i n t N ,  float fr e q )  {
float[ N ]  w e i g h ts ;
in it {

w e i g h ts  =  c alc W e i g h ts (N ,  fr e q ) ;
}
w o rk  p u s h  1 p o p  1 p eek  N  {

float r e s u lt =  0 ;
for (i n t i = 0 ; i < w e i g h ts . le n g th ; i + + )  {
r e s u lt + =  w e i g h ts [ i ]  *  p eek (i ) ;

}
p u s h (r e s u lt) ;
p o p () ;

}
}
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N
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N

Filter Example:  L o w P as s Filter
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Filter Example:  L o w P as s Filter

N

float-> float filter L ow P as s F i lte r (i n t N ,  float fr e q )  {
float[ N ]  w e i g h ts ;
in it {

w e i g h ts  =  c alc W e i g h ts (N ,  fr e q ) ;
}
w o rk  p u s h  1 p o p  1 p eek  N  {

float r e s u lt =  0 ;
for (i n t i = 0 ; i < w e i g h ts . le n g th ; i + + )  {
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}
}
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Filter Example:  L o w P as s Filter

N

float-> float filter L ow P as s F i lte r (i n t N ,  float fr e q )  {
float[ N ]  w e i g h ts ;
in it {

w e i g h ts  =  c alc W e i g h ts (N ,  fr e q ) ;
}
w o rk  p u s h  1 p o p  1 p eek  N  {

float r e s u lt =  0 ;
for (i n t i = 0 ; i < w e i g h ts . le n g th ; i + + )  {
r e s u lt + =  w e i g h ts [ i ]  *  p eek (i ) ;

}
p u s h (r e s u lt) ;
p o p () ;

}
}
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Why Structured Streams?
� Compare to structured control flow

� T radeoff:
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 If / else / for statements
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Structure Helps Programmers
� Modules are hierarchical and com p osab le

� Each structure is single-inp ut,  single-o utp ut

� E ncap sulat es com m on idiom s
� G ood t ex t ual rep resent at ion

� Enab les p aram eteriz ab le grap hs
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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
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N-E l e m e n t  M e r g e  S o r t  ( K -l e v e l )
pipeline M er g eS o r t (int N,  int K)  {

if (K= = 1 )  {
a d d S o r t (N) ;

} els e {
a d d  s plit j o in {

s plit  r o u nd r o b in;
a d d M er g eS o r t (N/ 2 ,  K-1 ) ;
a d d M er g eS o r t (N/ 2 ,  K-1 ) ;
j o iner  r o u nd r o b in;

} 
}
a d d M er g e(N) ;

}
}
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Structure Helps Compilers 
� Enables local, hierarchical analyses

� Scheduling
� O p t im iz a t io n
� P a r a lleliz a t io n
� L o a d b a la ncing
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Structure Helps Compilers 
� Enables local, hierarchical analyses

� Scheduling
� O p t im iz a t io n
� P a r a lleliz a t io n
� L o a d b a la ncing

� Ex am p les:

Pipeline 
F is s io n

S plit J o in
F is s io n

…

Pipeline 
F u s io n

…

S plit J o in
F u s io n
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Structure Helps Compilers 
� Enables local, hierarchical analyses

� Scheduling
� O p t im iz a t io n
� P a r a lleliz a t io n
� L o a d b a la ncing

� Ex am p les:

…
Filter

H o is tin g …
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Structure Helps Compilers 
� Enables local, hierarchical analyses

� Scheduling
� O p t im iz a t io n
� P a r a lleliz a t io n
� L o a d b a la ncing

� D isallow s non-sensical g rap hs
� S im p lif ies sep arat e com p ilat ion

� A ll b lo ck s  s ingle-inp ut ,  s ingle-o ut p ut
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CON:  Restricts Coding Style
� Some graphs need 
t o b e re-arranged

� E x ampl 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 )
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Example:  FM Radio with Equalizer

Duplicate splitter

Low pass filterLow pass filterLow pass filterLow pass filterLow pass filter Low pass filter Low pass filter Low pass filter Low pass filter Low pass filter

Low Pass filter

FM Demodulator

Float Diff filter

Round robin joiner

Float Diff filterFloat Diff filterFloat Diff filterFloat Diff filter Float Diff filter Float Diff filter Float Diff filter Float Diff filter Float Diff filter

Float Diff filter

Float Adder filter



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 54

Example:  V o c o d er
Duplicate splitter

DFT filter

Round robin joiner

DFT filterDFT filterDFT filterDFT filter DFT filter DFT filter DFT filter DFT filter DFT filter

Round robin splitter

Duplicate splitter

FIR Smoothing Filter Identity

Round robin joiner

Deconvolve filter

Round robin splitter

Liner Interpolator Filter

Round robin joiner

Multiplier filter

Decimator filter

Liner Interpolator Filter

Decimator filter

Round robin joiner

Phase unwrapper filter

Const Multiplier filter

Linear Interpolator filter

Decimator filter
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Example:  GSM decoder

Hold Filter

Round robin splitter

Input

IdentityLTP Input Filter

Additional Update filter

Round robin joiner

LTP Filter

Input

LTP Input Filter

Round robin joiner

Round robin splitter

Duplicate splitter

Reflection Coeff Filter

Round robin splitter Input

LTP Input Filter
Identity

Round robin joiner

Short Term Synth Filter

Post Processing Filter



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

Example:  3GPP Physical Layer
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� Structures for regular, high-b an d w id th d ata
� B ut also n eed  a con trol m echan ism  for 
irregular, low -b an d w id th ev en ts

� Change volume on a cell phone
� I ni t i at e hand of f  of  s t r eam
� A d j us t  net w or k  pr ot ocol

Control Messages
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• 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
� Option 1:  Embed message in stream
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
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� Looks like method call, but semantics differ

� No return value
� A s y nc h ronous  d eli very
� C an b road c as t to m ulti p le targ ets

StreamIt M es s ag i n g  Sy s tem

void r a is e V ol u m e ( in t v)  {
m y V ol u m e + =  v;
}
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� Looks like method call, but semantics differ

� No return value
� A s y nc h ronous  d eli very
� C an b road c as t to m ulti p le targ ets

• 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

StreamIt M es s ag i n g  Sy s tem
TargetFilter x ;
w o rk  {
…
if  ( lo w V o lu m e( ) )
x . rais eV o lu m e( 1 0 )  at 1 0 0 ;

}
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Message Timing

A

B

� A sends message to B with zero latency
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Message Timing

A

B

� A sends message to B with zero latency
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Message Timing

A

B

� A sends message to B with zero latency
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Message Timing

A

B

� A sends message to B with zero latency
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Message Timing

A

B

� A sends message to B with zero latency
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Message Timing

A

B

� A sends message to B with zero latency
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Message Timing

A

B

� A sends message to B with zero latency
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Message Timing

A

B

� A sends message to B with zero latency
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Message Timing

A

B

� A sends message to B with zero latency



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 70

Message Timing

A

B

� A sends message to B with zero latency
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Message Timing

A

B

� A sends message to B with zero latency
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Message Timing

A

B

� A sends message to B with zero latency
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Message Timing

A

B

� A sends message to B with zero latency

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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Message Timing

A

B

� A sends message to B with zero latency
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General Message Timing

A

B

� Latency of N means:
- Message attached
to  w av ef r o n t that 
sender sees i n  N
ex ecu ti o n s
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General Message Timing

A

B

� Latency of N means:
� Message attached
to  w av ef r o n t that 
sender sees i n  N
ex ecu ti o n s

� Examples:
- A � B ,  l aten cy  1
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General Message Timing

A

B

� Latency of N means:
� Message attached
to  w av ef r o n t that 
sender sees i n  N
ex ecu ti o n s

� Examples:
- A � B ,  l aten cy  1
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General Message Timing

A

B

� Latency of N means:
� Message attached
to  w av ef r o n t that 
sender sees i n  N
ex ecu ti o n s

� Examples:
- A � B ,  l aten cy  1
- B  � A,  l aten cy  2 5
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General Message Timing

A

B

� Latency of N means:
� Message attached
to  w av ef r o n t that 
sender sees i n  N
ex ecu ti o n s

� Examples:
- A � B ,  l aten cy  1
- B  � A,  l aten cy  2 5
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Rationale
� Better for the programmer

� Simplicity of method call
� P r ecis ion  of emb eddin g  in  s tr eam

� Better for the c ompi l er
� P r og r am is  eas ier  to an alyz e

� No code for timing / embedding
� No control  ch a nnel s  in s trea m gra p h

� Can reorder filter firings, respecting constraints
� I m plem ent in m ost efficient w ay
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StreamIt L an g u ag e Su mmary
� High-l e v e l ,  m a c hin e -in d e p e n d e n t  s t r e a m  
l a n gu a ge
� Structured streams for high-b an dw idth datafl ow
� M essagin g sy stem for con trol
� W ork in g on  n ew  dy n amic con structs

� C o m p il e r -c o n s c io u s  l a n gu a ge  d e s ign  c a n  
im p r o v e  b o t h p r o gr a m m a b il it y  a n d  
p e r f o r m a n c e
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Stream Programming Models
� Prototyping environments
� C onventiona l  l a ngu a ges

� Object Oriented
� P ro cedu ra l
� A s s em bl y

� S trea m l a ngu a ges
� S trea m I t
� B ro o k
� C g
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The Brook Language (Stanford) 
� Also an architecture-ind ep end ent stream  lang uag e

� Evolved out of S tr ea m C /  K er n elC ,  w h i c h  ta r g ets  I m a g i n e

“Kernels” must be state-less,  
allo w  p arallel p ro c essi ng

“F i lters” c an h av e state,  may  
req ui re seq uenti al p ro c essi ng

D esi g ned  by  ap p li c ati o n and  
arc h i tec ture p eo p le,  ro ug h  but 
mo re ex p ressi v e

D esi g ned  by  c o mp i ler p eo p le,  
c lean but mo re c o nstrai ned

T h i nk  p o i nter-less C ,  w i th  
embed d ed  d ataf lo w  g rap h s 
i nstead  o f  lo o p  nests

T h i nk  struc tured  sy nc h ro no us 
d ata f lo w

S treams are f i ni te leng thS treams are i nf i ni te leng th
D y nami c  ratesS tati c  rates

M ulti p le stream g rap h s,  
surro und ed  by  C -subset

S i ng le stream g rap h

Brook/S t re a m CS t re a m I t
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Stream Programming Models
� Prototyping environments
� C onventiona l  l a ngu a ges

� Object Oriented
� P ro cedu ra l
� A s s em bl y

� S trea m l a ngu a ges
� S trea m I t
� B ro o k
� C g



Architectures, Languages, and Compilers for the Streaming Domain
T his slide courtesy  of B ill M ark , U T  Austin 85

The Cg language (NVIDIA)
� Cg is both a l an gu age an d  a sy ste m

� Cg language is for writing stream  k ernels
� Cg sy stem  targets grap h ic s h ard ware

� D e v e l op e d  by  N V I D I A
� In collaboration with Microsoft
� R u ns on lots of hard ware  ( not j u st N V ID IA ’ s)

� Widely deployed
� S hip p ing  for ov e r a y e ar
� A ny one  can d ownload  it

� L ot s  of  in f or m a t ion  a v a ila b le:
� C g  lang u ag e  sp e cification – v ia d ownload
� C g  tu torial – bu y  on am az on. com
� P ap e r in S IG G R A P H  2 0 0 3
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GPUs a r e  n o w  p r o g r a m m a b l e

Vertex
Processor

Fragment
Processor

Triangle
Assembly &
Rasterization

Framebuffer
Operations

Fram
ebuffer

Textures

Texture
Decompression

& Filtering

MOV R4.y, R2.y; 
ADD R4.x, -R4.y, C[3].w; 
MAD R3.xy, R2, R3.xyww, C[2].z; 
…

MOV R4.y, R2.y; 
ADD R4.x, -R4.y, C[3].w; 
MAD R3.xy, R2, R3.xyww, C[2].z; 
…

ADD R3.xy, R3.xyww, C11.z; 
TEX H5, R3, TEX2, 2D; 
TEX H6, R3, TEX2, 2D;
…

ADD R3.xy, R3.xyww, C11.z; 
TEX H5, R3, TEX2, 2D; 
TEX H6, R3, TEX2, 2D;
…
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• The programmable unit executes a 
computational k ernel f or each input 
element

• S treams consist of  ord ered  elements

Stream
Processor

I1   I2   …   In

Input stream Output stream

O1  O2  …  On

kernel
state

Programmable units in G PU s
are stream p roc essors
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Design Decisions in Cg
� Cg:  C for graphics

� Like C, directly map to underlying hardware
� G eneral purpos e ( not j us t a s hading language)

� A  program  for e ach pipe l in e  st age
� A lternativ e:   write one program and hav e compiler do the partitioning
� Chos e to s eparate at programmer lev el to guarantee v alid mapping;  e. g. , f or outer-lev el control dependences

� A  l an gu age  for e x pre ssin g st re am  k e rn e l s
� U nlike S treamI t/ B rook, does  not ex pres s  high-lev el connections  in s tream graph
� I ns tead, write kernels  f or hardware res ources  and us e connections  of  hardware
� U s e aux iliary names pace ( b ind-b y-name)  as  dataf low interf ace b etween v ertex  and f ragment proces s ors
� U s e Cg runtime A P I  to control kernel ex ecution
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Cg language example
void simpleTransform(float4   objectPosition : POSITION,

float4   color          : COLOR,
float4   decalCoord : TEXCOORD0,

out float4   clipPosition : POSITION,
out float4   Color          : COLOR,
out float4   oDecalCoord : TEXCOORD0,

uniform float    brightness,
uniform float4x4 modelViewProjection)

{
clipPosition = mul(modelViewProjection, objectPosition);
oColor = brightness * color;
oDecalCoord = decalCoord;

}

void simpleTransform(float4   objectPosition : POSITION,
float4   color          : COLOR,
float4   decalCoord : TEXCOORD0,

out float4   clipPosition : POSITION,
out float4   Color          : COLOR,
out float4   oDecalCoord : TEXCOORD0,

uniform float    brightness,
uniform float4x4 modelViewProjection)

{
clipPosition = mul(modelViewProjection, objectPosition);
oColor = brightness * color;
oDecalCoord = decalCoord;

}
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� HW capabilities change each generation
� Data types
� S u ppo r t f o r  b r an c h  i n str u c ti o n s,  …

� We ex pect this problem  to persist
� F u tu r e G P U s w i l l  h av e n ew  f eatu r es

� M and ate ex actly  one f eatu re set?
� M u st str an d  o l d er  H W  o r  l i m i t n ew er  H W

NV20

R200 NV30

R300
R400

NV40
…   ?

NV50

How should system support 
di f f eren t lev els of  HW ?
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� Emulate missing features?
� Too slow on GPU
� Too slow on C PU,  e sp e c i a lly  f or  f r a g m e nt  H W

� Ex p o se d ifferenc es to  p ro grammer?
� Th e y  c h ose  t h i s op t i on
� D i f f e r e nc e s e x p ose d  v i a  subsetting
� A  p r o f il e i s a  na m e d  su b se t
� C g  su p p or t s f u nc t i on ov e r loa d i ng  b y  p r of i le

Two options for handling HW 
diffe re nc e s
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� Microsoft HLSL
� Largely compatible with Cg
� N V I D I A  an d  M icros of t collaborated

� O p e n G L A R B  sh a d in g  l a n g u a g e
� A l l  th re e  l a n g u a g e s a re  sim il a r

� O v erlappin g d ev elopmen t
� E x ten s iv e cros s -pollin ation  of  id eas
� D es ign ers  mos tly agreed  on  right approach

� Sy ste m s a re  d iffe re n t

Cg is closely related to
other recent languages
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Summary
� There are many prototyping environments for 
streaming appl ic ations

� H ow ever,  ind u stry stil l  rel ies on C ,  C + + ,  and  
assemb l y c od e for impl ementations
� Tedious, costly, error-p ron e

� S tream l angu ages have potential  to improve b oth 
performanc e and  programmab il ity
� E x p ose com m un ica tion  p a ttern s
� E x p ose p a ra llelism
� E n ca p sula te com m on  idiom s

� E x ampl es:   S treamI t,  B rook ,  C g


