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At Work in the Chess Software LabAt Work in the Chess Software Lab
Chess = Center for Hybrid and Embedded Software SystemsChess = Center for Hybrid and Embedded Software Systems
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Software Legacy of the Project
• G a b r i e l  ( 1 9 8 6 -1 9 9 1 )

– W r i t t e n  i n  L i s p
– A i m e d  a t  s i g n a l  p r o c e s s i n g
– S y n c h r o n o u s  d a t a f l o w  ( S D F )  b l o c k  d i a g r a m s  
– P a r a l l e l  s c h e d u l e r s
– C o d e  g e n e r a t o r s  f o r  D S P s
– H a r d w a r e / s o f t w a r e  c o -s i m u l a t o r s

• P t o l e m y  C l a s s i c  ( 1 9 9 0 -1 9 9 7 )
– W r i t t e n  i n  C + +
– M u l t i p l e  m o d e l s  o f  c o m p u t a t i o n
– H i e r a r c h i c a l  h e t e r o g e n e i t y
– D a t a f l o w  v a r i a n t s :  B D F ,  D D F ,  P N
– C / V H D L / D S P  c o d e  g e n e r a t o r s
– O p t i m i z i n g  S D F  s c h e d u l e r s
– H i g h e r -o r d e r  c o m p o n e n t s

• P t o l e m y  I I  ( 1 9 9 6 -2 0 2 2 )
– W r i t t e n  i n  J a v a
– D o m a i n  p o l y m o r p h i s m
– M u l t i t h r e a d e d
– N e t w o r k  i n t e g r a t e d  a n d  d i s t r i b u t e d
– M o d a l  m o d e l s
– S o p h i s t i c a t e d  t y p e  s y s t e m
– C T ,  H D F ,  C I ,  G R ,  e t c .

Each of these served 
u s,  fi rst-an d-
forem ost,  as a 
l ab oratory  for 
i n vesti g ati n g  desi g n .

• P t P l o t ( 1 9 9 7 -? ? )
– J a v a  p l o t t i n g  p a c k a g e

• T y c h o ( 1 9 9 6 -1 9 9 8 )
– I t c l / T k G U I  f r a m e w o r k

• D i v a  ( 1 9 9 8 -2 0 0 0 )
– J a v a  G U I  f r a m e w o r k

F ocu s has al w ay s 
b een  on  em b edded 
softw are.
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Ptolemy Classic Example From 1995
(adaptive n u l l in g in  an  an ten n a ar r ay )

Ptolemy application developed 
b y U w e T r au tw ein,  T ech nical 
U niver s ity of  I lmenau ,  G er many

streams

h i erarc h i c al  
c o mo n en ts
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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

Hierarchical component

mod al mod el

d ataf low  controller

ex ample P tolemy  I I  mod el:  hy b rid  control s y s tem
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Actor-O ri e n te d  D e s i g n
Actors with Ports and Attributes

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.

c alled a “ k er nel, ”  “ s tep, ”  …
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Other Examples of Actor-Ori en ted
C ompon en t F ramew ork s

• S i m u l i n k (T h e  M a t h W o r k s )
• L a b v i e w (N a t i o n a l  I n s t r u m e n t s )
• M o d e l i c a (L i n k o p i n g )
• O C P ,  o p e n  c o n t r o l  p l a t f o r m  (B o e i n g )
• G M E ,  a c t o r -o r i e n t e d  m e t a -m o d e l i n g  (V a n d e r b i l t )
• S P W ,  s i g n a l  p r o c e s s i n g  w o r k s y s t e m (C a d e n c e )
• S y s t e m  s t u d i o  (S y n o p s y s )
• R O O M ,  r e a l -t i m e  o b j e c t -o r i e n t e d  m o d e l i n g  (R a t i o n a l )
• E a s y 5  (B o e i n g )
• P o r t -b a s e d  o b j e c t s  (U  o f  M a r y l a n d )
• I / O  a u t o m a t a  (M I T )
• V H D L ,  V e r i l o g ,  S y s t e m C (V a r i o u s )
• P o l i s  &  M e t r o p o l i s  (U C  B e r k e l e y )
• …

Unlike Ptolemy II, 
a ll of  th es e d ef ine 
a  f ix ed  mod el of  
c omp u ta tion.
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Ptolemy Project Principle
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Example of Ptolemy II model:

The model of computation is not built in to 
the softw ar e fr amew or k .



Ptolemy Project, Lee, Berkeley  10

Actor View of
P rod u cer/ C on s u m er C om p on en ts

Models of Computation are 
implemented in P tolemy  I I  
b y  a “ direc tor”  and a 
“ rec eiv er”  ( w h ic h  is supplied 
b y  th e direc tor) .  E x amples 
w e h av e b uilt:
• dataflow  ( sev eral v ariants)
• proc ess netw ork s
• push / pull
• c ontinuous-time
• CS P  ( rendez v ous)
• disc rete ev ents
• sy nc h ronous
• time-driv en
• pub lish / sub sc rib e
•…

  Actor

  IOPort
  IORelation

P2
P1

E1

E2

send(0,t) receiver.put(t) get(0)

token t
R1

Basic Transport:

  Receiver
(inside port)

Ptolemy II uses the object-or i en ted  
p r i n ci p le of  p olymor p hi sm to r ea li z e multi p le 
a ctor -or i en ted  mod els of  comp uta ti on .
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Focus on Dataflow
( a fe w v ar i ants)

• C o m p u t a t i o n  g r a p h s  [ Ka r p  &  M i l l e r  - 1 9 6 6 ]
• P r o c e s s  n e t w o r k s  [ Ka h n  - 1 9 7 4 ]
• S t a t i c  d a t a f l o w  [ D e n n i s  - 1 9 7 4 ]
• D y n a m i c  d a t a f l o w  [ A r v i n d ,  1 9 8 1 ]
• K-b o u n d e d  l o o p s  [ C u l l e r ,  1 9 8 6 ]
• S y n c h r o n o u s  d a t a f l o w  [ L e e  &  M e s s e r s c h m i t t ,  1 9 8 6 ]
• S t r u c t u r e d  d a t a f l o w  [ Ko d o s k y ,  1 9 8 6 ]
• P G M :  P r o c e s s i n g  G r a p h  M e t h o d  [ Ka p l a n ,  1 9 8 7 ]
• S y n c h r o n o u s  l a n g u a g e s  [ L u s t r e ,  S i g n a l ,  1 9 8 0 ’ s ]
• W e l l -b e h a v e d  d a t a f l o w  [ G a o ,  1 9 9 2 ]
• B o o l e a n  d a t a f l o w  [ B u c k  a n d  L e e ,  1 9 9 3 ]
• M u l t i d i m e n s i o n a l  S D F  [ L e e ,  1 9 9 3 ]
• C y c l o -s t a t i c  d a t a f l o w  [ L a u w e r e i n s ,  1 9 9 4 ]
• I n t e g e r  d a t a f l o w  [ B u c k ,  1 9 9 4 ]
• B o u n d e d  d y n a m i c  d a t a f l o w  [ L e e  a n d  P a r k s ,  1 9 9 5 ]
• H e t e r o c h r o n o u s d a t a f l o w  [ G i r a u l t ,  L e e ,  &  L e e ,  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  
th e se .
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Synchronous Dataflow (SDF)
(Lee and Messerschmitt, 1986)

SDF offers feedback, m u l t i rat e, 
st at i c sch edu l i n g , deadl ock 
an al y si s, p aral l el  sch edu l i n g , st at i c 
m em ory  al l ocat i on .

SDF di rect or
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Synchronous Dataflow (SDF)
Fixed Production/Consumption Rates

� Balance equations (one for each channel):

� S ched ulab le statically
� D ecid ab le:
� b uf f er memory  req uirements
� deadl ock

f ire B {
…
consume M
…

}

f ire A {
…
produce N
…

}

channel
N M

MfNf BA =
number of tokens consumed

number of fi ri ng s p er “ i tera ti on”
number of tokens p roduced
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Parallel Scheduling of SDF Models

A

C

D

B

Sequential P ar allel

SD F  is  s uitab le 
f o r  auto m ated  
m ap p ing  o nto  
p ar allel 
p r o c es s o r s  and  
s y nth es is  o f  
p ar allel c ir c uits .

Many scheduling 
o p t im iz at io n 
p r o b lem s can b e 
f o r m ulat ed.  S o m e 
can b e so lv ed,  t o o !



Ptolemy Project, Lee, Berkeley  15

Selected Generalizations
• M u l t i d i m e n s i o n a l  S y n c h r o n o u s  D a t a f l o w  ( 1 9 9 3 )

– A r c s  c a r r y  m u l t i d i m e n s i o n a l  s t r e a m s
– O n e  b a l a n c e  e q u a t i o n  p e r  d i m e n s i o n  p e r  a r c

• C y c l o -S t a t i c  D a t a f l o w  ( L a u w e r e i n s ,  e t  a l . ,  1 9 9 4 )
– P e r i o d i c a l l y  v a r y i n g  p r o d u c t i o n / c o n s u m p t i o n  r a t e s

• B o o l e a n  &  I n t e g e r  D a t a f l o w  ( 1 9 9 3 / 4 )
– B a l a n c e  e q u a t i o n s  a r e  s o l v e d  s y m b o l i c a l l y
– P e r m i t s  d a t a -d e p e n d e n t  r o u t i n g  o f  t o k e n s
– H e u r i s t i c -b a s e d  s c h e d u l i n g  ( u n d e c i d a b l e )

• D y n a m i c  D a t a f l o w  ( 1 9 8 1 -)
– F i r i n g s  s c h e d u l e d  a t  r u n  t i m e
– C h a l l e n g e :  m a i n t a i n  b o u n d e d  m e m o r y ,  d e a d l o c k  f r e e d o m ,  l i v e n e s s
– D e m a n d  d r i v e n ,  d a t a  d r i v e n ,  a n d  f a i r  p o l i c i e s  a l l  f a i l

• K a h n  P r o c e s s  N e t w o r k s  ( 1 9 7 4 -)
– R e p l a c e  d i s c r e t e  f i r i n g s  w i t h  p r o c e s s  s u s p e n s i o n
– C h a l l e n g e :  m a i n t a i n  b o u n d e d  m e m o r y ,  d e a d l o c k  f r e e d o m ,  l i v e n e s s

• H e t e r o c h r o n o u s D a t a f l o w  ( 1 9 9 7 )
– C o m b i n e s  s t a t e  m a c h i n e s  w i t h  S D F  g r a p h s
– V e r y  e x p r e s s i v e ,  y e t  d e c i d a b l e
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Multidimensional SDF
(Lee, 1993)

• P r o d u c t i o n  a n d  
c o n s u m p t i o n  o f  N-
d i m en s i o n a l  a r r a y s  o f  
d a t a :

• B a l a n c e eq u a t i o n s  a n d
s c h ed u l i n g  p o l i c i es
g en er a l i z e.

• M u c h  m o r e d a t a  
p a r a l l el i s m  i s  ex p o s ed .

(40, 48)

(8, 8)

Similar (but dynamic) 
multidime ns io nal s tre ams  h av e  be e n 
imp le me nte d in L ucid.
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MDSDF Structure Exposes
Fi n e-G ra i n  Da ta  P a ra l l el i sm

(1,1,N)

(1,1,1)

Repeat

(0,1,0)

Downsample

(1,M,N)

(M,N,1)

Transpose Parameter: (3,1,2)T

A
(L,M)

B
(M,N)

(L,1,1)

(1,1,1)

Repeat

T

(1,M,1)

(1,1,1)
(L,1,N)

(L,N,1)

Transpose Parameter: (1,3,2)

From this, a precedence
graph can be automatically
constructed that reveals
all the parallelism in the
algorithm.

L

M

N

M

N

L

Original Matrix

Repeats

Element-wise product

Original Matrix

Repeats

However, such programs 
are ex t remel y  hard  t o 
wri t e ( an d  t o read ) .
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Cyclostatic D ataf low  ( CS D F )
(L a u w e r e i n s e t  a l . ,  T U  L e u v e n ,  1 9 9 4 )

� Actors cycle through a regular 
p rod ucti on / con sum p ti on  p attern .
� B alan ce eq uati on s b ecom e:

f i r e  B {
…
c o n s u m e  M
…

}

f i r e  A {
…
p r o d u c e  
…

}

chan n el

),(;
1

0
mod

1

0
mod QPlcmRMfNf

R

i
QiB

R

i
PiA == ∑∑ −

=

−

=

iN
10 ,, −PNN K 10 ,, −QMM K

cyclic production pattern
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Boolean and Integer Dataflow (BDF, IDF)
(Lee and Buck, 1993)

• Bal ance eq uat i o ns  ar e s o l v ed s y m b o l i cal l y  i n t er m s  
o f  unkno w ns  t h at  b eco m e kno w n at  r un t i m e.

• A n anno t at ed s ch edul e i s  co ns t r uct ed w i t h  
p r edi cat es  g uar di ng  each  act i o n.  

• E x i s t ence o f  s uch  an anno t at ed s ch edul e i s  
undeci dab l e (as  i s  deadl o ck &  b o unded m em o r y )

Production rate is unknown and is 
rep resented sy m b ol ical l y  b y  a v ariab l e ( b) .

B
se

lec
t

sw
itc

h

b

1− b

b

1− b

A
C

D

E ...

)1( Cswitch

Bswitch

fbf

fbf

=−
=

b
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Dynamic Dataflow (DDF)
• A c t o r s  h a v e  firing rules

– S e t  o f  f i n i t e  p r e f i x e s  o n  i n p u t  s e q u e n c e s
– F o r  d e t e r m i n i s m :  N o  t w o  s u c h  p r e f i x e s  a r e  j o i n a b l e  u n d e r  a  p r e f i x  o r d e r
– F i r i n g  f u n c t i o n  a p p l i e d  t o  f i n i t e  p r e f i x e s  y i e l d  f i n i t e  o u t p u t s

• S c h e d u l i n g  o b j e c t i v e s :
– D o  n o t  s t o p  i f  t h e r e  a r e  e x e c u t a b l e  a c t o r s
– E x e c u t e  i n  b o u n d e d  m e m o r y  i f  t h i s  i s  p o s s i b l e
– M a i n t a i n  d e t e r m i n a c y  i f  p o s s i b l e

• P o l i c i e s  t h a t  f a i l :
– D a t a -d r i v e n  e x e c u t i o n
– D e m a n d -d r i v e n  e x e c u t i o n
– F a i r  e x e c u t i o n
– M a n y  b a l a n c e d  d a t a / d e m a n d -d r i v e n  s t r a t e g i e s

• P o l i c y  t h a t  s u c c e e d s  ( P a r k s  1 9 9 5 ) :
– E x e c u t e  w i t h  b o u n d e d  b u f f e r s
– I n c r e a s e  b o u n d s  o n l y  w h e n  d e a d l o c k  o c c u r s

D D F ,  l i k e  B D F  a n d  I D F  i s  u n d e c i d a b l e
( d e a d l o c k ,  b o u n d e d  m e m o r y ,  s c h e d u l e )
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Dynamic Dataflow and Process Networks are 
F ormally S imilar,  Practically Different

OEP problem under DARPA MoBIES (Model-
based design of embedded software),

Example from signal intelligence: Detection 
of unknown signal (PSK in this case)

Output data sequence, 
at detected baud rate.  
(not known apriori)

First 
Symbol

Expected 
Symbol Drift 
caused by error 
in estimation
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Undecidability
(Buck ’93)

• S u f f i c i e n t  s e t  o f  a c t o r s  f o r  u n d e c i d a b i l i t y :
– b o o l e a n f un ct i o n s  o n  b o o l e a n t o ke n s
– s w i t ch  a n d  s e l e ct
– i n i t i a l  t o ke n s  o n  a r cs

• U n d e c i d a b l e :
– d e a d l o ck
– b o un d e d  b uf f e r  m e m o r y
– e x i s t e n ce  o f  a n  a n n o t a t e d  s ch e d ul e

boolean
f u nc t i on se

lec
t

sw
itc

h

i ni t i al t ok en

1

1

1

1

1 1

1

b

1− b

b

1− b

B D F ,  I D F ,  D D F ,  and  P N  
ar e all u nd ec i d able i n t h i s  
s ens e.  F or t u nat ely ,  w e c an 
i d ent i f y  a lar g e d ec i d able 
s u bs et ,  w h i c h  w e c all 
h et er oc h r onou s d at af low  
( H D F ) .

T

F

T

F
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Example of a H et er oc h r on ou s D at aflow  
( H D F )  M od el

An actor consists of a state machine and 
refinements to the states that define b ehav ior.
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Heterochronous D a ta f l ow  ( HD F )
(G i r a u l t ,  L e e ,  a n d  L e e ,  1 9 9 7 )

• A n  i n t e r c o n n e c t i o n  o f  a c t o r s .
• A n  a c t o r  i s  e i t h e r  S D F  o r  H D F .
• I f  H D F ,  t h e n  t h e  a c t o r  h a s :

– a  s t a t e  m a c h i n e
– a  r e f i n e m e n t  f o r  e a c h  s t a t e
– w h e r e  t h e  r e f i n e m e n t  i s  a n  S D F  o r  H D F  a c t o r

• O p e r a t i o n a l  s e m a n t i c s :
– w i t h  t h e  s t a t e  o f  e a c h  s t a t e  m a c h i n e  f i x e d ,  g r a p h  i s  S D F
– i n  t h e  i n i t i a l  s t a t e ,  e x e c u t e  o n e  c o m p l e t e  S D F  i t e r a t i o n
– e v a l u a t e  g u a r d s  a n d  a l l o w  s t a t e  t r a n s i t i o n s
– i n  t h e  n e w  s t a t e ,  e x e c u t e  o n e  c o m p l e t e  S D F  i t e r a t i o n

• H D F  i s  d e c i d a b l e
– b u t  c o m p l e x i t y  c a n  b e  h i g h
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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)

• Pu s h / Pu ll
– d a t a f l o w  w i t h  d i s c i p l i n e d  n o n d e t e r m i n i s m
– e . g .  C l i c k  ( K o h l e r ,  2 0 0 1 )

• D is c r ete ev ents
– d a t a  t o k e n s  h a v e  t i m e  s t a m p s
– e . g .  N S

• C ontinu ou s  time
– s t r e a m s  a r e  a  c o n t i n u u m  o f  v a l u e s
– e . g .  S i m u l i n k

• S ync h r onou s  lang u ag es
– s e q u e n c e  o f  v a l u e s ,  o n e  p e r  c l o c k  t i c k
– f i x e d -p o i n t  s e m a n t i c s
– e . g .  E s t e r e l

• T ime tr ig g er ed
– s i m i l a r ,  b u t  n o  f i x e d -p o i n t  s e m a n t i c s
– e . g .  G i o t t o

• M odal models
– s t a t e  m a c h i n e s  +  s t r e a m -l i k e  M o C s ,  h i e r a r c h i c a l
– e . g .  H y b r i d  s y s t e m s

a l l  o f  t h e s e  i n c l u d e  a  
l o g i c a l  n o t i o n  o f  t i m e
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Discrete-E v en t M o d el s
Example: Sensor Nets Modeling
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Continuous-T im e  M od e l s
Example: Soft Walls Avionics System

air cr aft mod el
cr iticality calcu lation

pilot mod el

b ias contr ol th
e w

all

Analog Computers!
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Modal Models
Example: Hybrid Systems
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Heterogeneous Models

Modal models are one example of a family 
of h ierarc h ic ally h et erog eneou s models,  
w h ere div erse models of c ompu t at ion are 
c omb ined in a h ierarc h y.
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Heterogeneous Models: Periodic/Time-D riv en 
Example: Control Inside Continuous Time

Giotto director indicates 
a periodic, time-driven 
model of computation.

Domain-polymorphic component.

CT director indicates a 
continuous time model 
of computation.
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Heterogeneous Modal Models
Example: Modal Control System

Periodic, time-driven tasks

Modes (normal & faulty)

Controller task is 
a dataflow model
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Other Topics Not Dealt With
• S c h e d u l i n g  p r o b l e m s

– t h r o u g h p u t ,  l a t e n c y ,  j i t t e r ,  m e m o r y ,  l o a d  b a l a n c i n g ,  …
• H i g h e r -o r d e r  c o m p o n e n t s

– l i k e  h i g h e r -o r d e r  f u n c t i o n s ,  b u t  a c t o r -o r i e n t e d
• D i s t r i b u t e d  m o d e l s

– g i v i n g  m i d d l e w a r e  c o n c u r r e n t ,  a c t o r -o r i e n t e d  s e m a n t i c s
• D o m a i n  p o l y m o r p h i s m

– d e s i g n i n g  c o m p o n e n t s  t o  o p e r a t e  w i t h  m u l t i p l e  m o d e l s  o f  
c o m p u t a t i o n

• B e h a v i o r a l  t y p e  s y s t e m s
– c o m p o n e n t s  d e c l a r e  i n t e r f a c e s  t h a t  m a k e  e x p l i c i t  
r e q u i r e m e n t s  o f  t h e  M o C

P t o l e m y  I I  i s  o p e n  s o u r c e  &  f r e e
h t t p : / / p t o l e m y . e e c s . b e r k e l e y . e d u


