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Influences for This Work

o Statecharts [Harel 87]

o Argos [Maraninchi 91]

o Esterel [Berry & Gonthier 92]

o Abstract state machines [Gurevich 93]

o Hybrid systems [Puri & Varaiya 94, Henzinger 99]
o Timed automata [Alur & Dill 94]

o SyncCharts [Andre 96]

o I/0 Automata [Lynch 96]

o *Charts [Girault, Lee, & Lee 99]

o UML State machines
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What does this have to do with
Equational Models?

Fixed-point semantics for a
rich variety of concurrent
models of computation:

—1 concurrent actor-
oriented models

. o Fixed-point semantics: s = F(s)
i: F ]fm o Dataflow models: s is a tuple
2 of sequences.

e Synchronous/reactive models:

abstraction s is a tuple of values,

(a) (b) and F = F; varies in each tick i.
N
SES e Discrete-event models:
SR model where each tick occurs at
' a time t; in a model of time.
= F % F e Continuous-time models:
DE models where a solver chooses
fixed-point the values of t;.

(c) semantics (d)

[Lee & Zheng, EMSOFT 07]
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What does this have to do with

Equational Models?

concurrent actor-

For SR, DE, and CT

oriented models

models, the function F

p1,

changes over time.

!
: F, ]1>°“

F

This talk gives a semantics
to these changes using the
notion of modal models.

(a) (b) . .
sESN A major goal is a clean
semantics for hybrid
\ systems.
il
F
L <l
fixed-point
(c) semantics (d)
Lee, Berkeley 5
. . guarfﬂ: abs(For(t_!) >»S_(i|:kiness
MOtI\_/atmg Example: Finite State Machine
Hyb rld System Separate.vé = V1
init

Separate Together
uard: true
output: P1 = pl; P2 = p.
guard: touched_isPresent && (V1-V2) > 0.0
set: Tos er.p = P1;
ether.v = (V14V2)/2.0;
Together.stickiness = 10.0

V1
V1 integrator P1 integrator
Expression
1.071.0 - 1.0*P1
P1
.~

Concurrent:Model

Expiessionl

2.072.0 - 2.0*P2

V1 integrator P1 integrator

rrent Model

Expression2
1.0°1.0 - 2.0°2.0 - (1.0-2.0)°P1 p—ppum

Concu

V1 and V2

ZeroCrossingDetector

AddSubtract P1 and P2
>

touched
two masse

velocities, and

positions of the

are

V1 and V2 are velocities,
and P1 and P2 are positions

Stickiness
G
of the two masses.

are Stickiness integrator

S.
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Meta Model for FSMs
in Ptolemy Il FSMAC«,,

wtpLt PO
P -
inputPort2 Q D outputPort2
P I =

Guard (trigger)
and actions

initialState

Initial state

transition3

N Transition

transitionl:

guard: expression elfTransition

output: port assignments
i set: variable assignments
inputPortl 9 outputPortl
inputPort2 outputPort2

b=

Initial state indicated in bold

Output values can be functions of inputs and variables
Transition can update variable values (“set” actions)
Final state terminates execution of the actor

O O 0O 0 ©O

Guards are expressions that can reference inputs and variables

Lee, Berkeley 7

Extended State Machines

Reference and manipulate variables on guards and transitions.

SDF Director

Extended state
machines can

0,1,234555 -

¢ Ramp FSMActor Display

operate on N =

. H > A @ g = J
variables in the i

. Q/ariable ]
model, like
“COU nt” |n thIS ~&ome & gﬁ?;gfgﬁ:;?ns guard:‘true s
example set: count = count + 1 output: out =
L

“Set” actions are distinct
from “output” actions. »
We will see why.

guard: true guard:

out

=

. count >= 5
output: out = in output: out = 5
set: count = 0

Lee, Berkeley 8
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Modal Model Meta Model

Hierarchical Composition

mZ'

>

An actor’s behavior
may be defined by
an arbitrarily deep
nesting of FSMs and

guardExpression
. outputActions it
inl W e Transition
» out P
2 e

guardExpression

}c@

i - tputActions .
refinements. Refinement setAktlons | Refinement
Director Director Director
determines
semantics of the
submodel
inl
out »- out
in2
DE Director
stopTime: 0.03

Ptolemy Il Enables

Hierarchical

Signal Source

Mixtures of MoCs

This model has two

PoissonClock ~
T //
e

mearTime: averageEven|
yafues: {0}
TireAtstart: false
/

v

e

simple synchronous/ signal qua
. » output
reactive (SR) models D —
as mode refinements |3 s ol L
and models their timed" | / ~
enyiron ment o " [ sRDirector
using a
discrete-event signal
(DE) director | o - R s
> = M
event event trigger GW
standardDeviation: noiseStandardDeviation
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AND states

Here, two
FSMs are
composed
under a

—

SR Director

Using a synchronous/reactive (SR)
director yields Statechart-like semantics
for concurrent state machines.

NonStrictDelayl  FSMActor1

FSMActor2

synchronous/
reactive
dlrectpr, _ .1’
resulting in o
Statecharts- | *®
like AND
states.

guard: in2 == 2

output

outl = 3;

out2 = 3

outl

guard: inl == 1
output: guard: in2 == 2 out2
outl = 2; output:
out2 =1 outl = 1

[

guard: inl
output

outl = 3;
out2 = 3

guard: in2 == 1
output:
outl = 3;
out2 =3
inl outl
-sta\e 1
in2 guard: inl == 2 out2
» output: guard: in2 == 1
outl = 2; output

out2 = 1

guard: inl == 2
output:

outl = 3;
out2 =3
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Operational Semantics:

Firing

An actor’s behavior
may be defined by
an arbitrarily deep
nesting of FSMs and
refinements.

ModalModel

ml.
g T

pout

in2

setAgtions

outputAction:

guardExpression
Current state e
setActions

guardExpression

A\

out

P

Director -
outputs

Execute sub-model
according to local MoC

in2

»-

Produce

(maybe)

out

inl

in2

Evaluate guards
and choose
transition

=

Execute u
output
actions

out
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Operational Semantics: Modm’?

Postfiring

State changes are
committed only in
postfire, enabling
fixed point iteration
by using only firing.

int
> hout
mZ'

guardExpression
Current state |  outbutActions
» setActions

guardExpression
outputActions
setAgtions

in2 (mode2 ) upu
»

out

Make this the new

inl

\ A ¢

Director Postfire

Commit
state
changes

out

in2

N current state
or
Set

variable
values

out

Fixed-Point Semantics of SR is Enabled by

Fire/Postfire Separation

Result is a
constructive
semantics.

Using a synchronous/reactive (SR)
SR Director director yields Statechart-like semantics
for concurrent state machines.

NonStrictDelayl  FSMActorl

FSMActor2

The example
here requires
multiple
firings of the ‘
FSM actors
to converge
to the least
fixed point.

inl

output:
outl = 3;
out2 = 3
outl
guard: inl == 1
output: guard: in2 == 2 out2
outl = 2; output

out2 = 1

guard: in2 == 2

guard: inl == 1
output:

outl = 3;
out2 =3

guard: in2 == 1

output

outl = 3;

out2 =3
inl outl
in2 guard: inl == 2 out2

output guard: in2 == 1
outl = 2; output:
out2 = 1 outl = 1

guard: inl == 2

output:
outl = 3;
out2 =3

Lee, Berkeley 14
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Directors Benefiting from Fire/Postfire Separation
(which we call the Actor Abstract Semantics)

o Synchronous/Reactive (SR)

Execution at each tick is defined by a least fixed point of monotonic
functions on a finite lattice, where bottom represents
“unknown” (getting a constructive semantics)

o Discrete Event (DE)

Extends SR by defining a “time between ticks” and providing a
mechanism for actors to control this. Time between ticks can be zero
(“superdense time”).

o Continuous

Extends DE with a “solver” that chooses time between ticks to
accurately estimate ODE solutions, and fires all actors on every tick.

[Lee & Zheng, EMSOFT 07]
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The Modal Model Muddle

It's about time

After trying several variants on the semantics of modal
time, we settled on this:

A mode refinement has a local notion of time. When the
mode refinement is inactive, local time does not advance.
Local time has a monotonically increasing gap relative to
global time.

Lee, Berkeley 16
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Modal Time
Example

DiscreteClock generates
regularly spaced events that
trigger mode transitions.

These transitions are

refinements preserve state
while suspended.

“history” transitions, so mode F/(?

DE Director %

Discrete event director places
ticks on a (superdense) time line.

DiscreteClock

ModalModel

TimedPlotter

E—4

Produce regularly
spaced events in

c&
)\ Produce
irregularly
DE Director DE Director spaced
- events in
this mode.
DiscreteClock PoissonClock

in’ J @ out

: B out
this mode. b @*»—-
5_ A.. meanTime: 1.0
5 3 values: {2}
period: 1.0
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DE Director
M Od a | TI m e DiscreteClock ModalModel TimedPlotter
Mode transitions triggered at g : Lo, o [\

Example times 0, 2.5, 5, 7.5, etc. %l ¢ <] N [

-
periogr2.5

guard: in_isPresent
in out

Events with value 1 produced at
(local times) 0, 1, 2, 3, etc.

> @) o

First regular event generated at (global
time) 0, then transition is immediately

qguard: in_isRresent
\ /

//

at (global time) 0, one tick later (in
superdense time).

taken. First irreqular event generated

»

:E Director DE Director
iscreteClock PoissonClock

out in out

A meanTime: 1.0
g values: {2}

3
period: 1.0

Spontaneous Modal Model

2 0 - T T T T T |
Local time 1 corresponds to
151 global time 3.5 here.
10 7
05 4
0.0 C 1 1 1 1 1 1 1 -
0 1 2 3 4 5 6 7 8 9 10
time
irreqular reqular irreqular reqular Lee, Berkeley 18
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Variant using Preemptive Transition

First regular event n g out

is not produced =
. . | I

until glgbal time 2.5 ‘ o Jreauar * Preemptive

(Iocal time 0) guard: in_isPresent transition

Spontaneous Modal Model
2.0 - Y T T T T T T T T T T -
15 7
101 1
05 1
00 C 1 1 1 1 1 1 1 1 -
0 1 2 3 4 5 6 7 8 9 10
time

irregular regular

irregular regular

Lee, Berkeley 19

Triggers transitions
at (global times)

Time Delays in 01,23, ..

Undelayed Ramp

1 1 i i L 1

2 3 4 5 6 7 8 9 10

Ramp delayed by 1, then by 0, 9

Modal Models i
ok
DE Di
irector .delav 1.0 2F T I ‘
TimedPIo!lerl oL ) I |
0 1
10
o
ok
7k
pu B
'"P“‘ output oL T
guard: trigger_isPresent
mgger guard: trigger_isPfesent First OUtp ut {S
the second inpu
to the modal
DE Director mode/, which
DE Director
] e
Timedbel the noDelay
me: ela) i .
input ' Y ouput e oy refinement
delay of
I - I trigger
trigger

Second output is the
first input to the
modal model, which
goes through the
delay refinement,
which is inactive from
time 0 to 1.

Lee, Berkeley 20
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Variants for the Semantics of Modal Time that we
Tried or Considered, but that Failed

o Mode refinement executes while “inactive” but inputs are not
provided and outputs are not observed.

o Time advances while mode is inactive, and mode refinement
is responsible for “catching up.”

o Mode refinement is “notified” when it has requested time
increments that are not met because it is inactive.

o When a mode refinement is re-activated, it resumes from its
first missed event.

All of these led to some very strange models...

Final solution: Local time does not advance while a mode is
inactive. Growing gap between local time and global time.
Lee, Berkeley 21

Formalization (Detailed in the Paper)

States Initial state

o Actor: \ Inputs Outputs
A=(S,s,,1,0,F,P)

o Output function (“fire”):

F:SxIxN—=O
o State-update function (“postfire”): Resolves potential
P:SxIxN—S§

Lee, Berkeley 22
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Semantics — untimed

o Set of traces:

Xo,)0

So 5

o such that for all i, there exists j, s.t.:

Y, =F(s;,x,,))
St =P(Si"xi9j)

Lee, Berkeley 23

Semantics — timed

o States include special timer variables:
Can be suspended (“frozen”, inactive) and resumed (active)
Expire when they reach 0

o Set of timed traces: Delays

X0,V0 ’d() X1, adl X2, Vo ad2
So S Sy

o such that for all i, there exists j, s.t.:

Decrement active timers by d_i

Vi = F(Siaxiaj)
Si+1 =P(Si _diaxiaj)

d. = min{v|vis the value of an active timerin s, }

Lee, Berkeley 24
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Composition and heterogeneity

o Modular semantics:
Given a composite actor A, with sub-actors A1, A2, ...

the F and P functions for A are defined from the Fi, Pi, functions of
sub-actors Ai.

o How F and P are defined depends on the director used in A
Directors = composition operators

o Heterogeneity:
Different directors implement different composition models

Lee, Berkeley 25

Goal:
Giving semantics to modal models  gefine . P functions

for the modal model
DE Director I /
DiscreteClock ModalMod TIm Plotter

d
(D o pa .

g F_, P functions

periodr2.5

" guard: in_isPresent o already defined
P> i) e > for the" controller”

guard: in_isPresent

automaton
DE Director DE Director
. ! - F,, P, functions
: i 2542

E 5 Pl funct]ons - DiscreteClock i - PoissonClock - 1 d d f d

. DE :ﬂ»—h alrea efine
already defined > j@ allhg N y

. . L values: (2) for thisrefinement

for thisrefinement pefiod: 10

Lee, Berkeley 26
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non-preemptive transition
qguard: guard2

Rough description of semantics &=

o
o

guard: guardl
preemptive transition

Given current controller state si:
If no outgoing transitions from si are enabled:
Use Fi and Pito compute F and P

If preemptive outgoing transitions from si are enabled:
Use the actions of these transitions to compute F and P

If only non-preemptive outgoing transitions from si are enabled:

First fire refinement, then transition, i.e.:
F is the composition of Fi and the output action of a transition
P is the composition of Pi and the state update action of a transition

Timers of refinements suspended and resumed when exiting/entering
states

Details in the paper Lee, Berkeley 27

Supported in Ptolemy Il

o Transition may be a reset transition

o Multiple states can share a refinement

in2 >
o A state may have multiple refinements
]
>
in2 _-
»-

.
More Variants of Modal Models Z

guard

Reset

transition
(vs. history
transition)

ModalModel

inl

el14



Still More Variants

o Transition may have a
refinement

Refinement is fired when
transition is chosen
Postfired when transition
is committed

Time is that of the
environment

ModalModel

in?.

P

guard: guard2

guard: guardl

out

-

LT, boincicy 29

And Still More Variants

Dataflow model

o Transition may be a
“default transition”

Taken if no non-default
transition is taken

Compare with priorities
in SyncCharts

o FSMs may be

SDF Director

terations: 200

Temperature Mo

Fault model

tOnThreshold: 18.0
eatOfThreshold: 22.0
initialTemp: 15.0

@ heatingRate: 0.1
e coolingRate: -0.05
e noiseStandardDeviation: 0.2

SequencePlotter

gernoulli©

rueProbability. 0.01

erpeurs

This example is a
hierarchical FSM

.., showing a
thermostat with a

nondeterminate

e count: 10

temperature

fault mode.

heat

Nondeterminate

i fault faulty * 0
nondeterminate T transitions
quard: fault guard: count < 10
set: count = 0 set.
Can mark A e—on
transitions to -
. temperature heat temperature g g trye V h
perm It output: heat = heatingRate output: heat ¥ heatingRate eat
L fault <l fault
nondeterminism | &
e
temperature >= heatOffThreshold quard. guank: trwy quard
output: heat = <= heatO: Output: heat = coolingRate temperature <= heatOnThreshold
output: heat = heatingRate

Default transition

output: heat = coolingRate

output: heat = heatingRate

guard: temperature > heatOnThreshold
output: heat = coolingRate

e15



Conclusion

Modal models (in Ptolemy Il, Statecharts, SyncCharts,
Argos, etc.) provide a hierarchical mixture of imperative
logic and declarative composition.

Humans are very capable of reasoning both imperatively
(algorithms, recipes, etc.) and declaratively (equations,
synchronous composition, etc.). We use these reasoning
tools for different (complementary) tasks.

Models that support both will eventually replace models
that provide only one or the other.

Lee, Berkeley 31
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New Text very relevant to this
conference:

Lee & Seshia:

\ Introduction to Embedded Systems
- A Cyber-Physical Systems Approach

, Electronic edition is available
W for free here:

.8

"z‘ il
Edward Ashford Lee
Canjit Arunkumar Cechia
o« il 3 § This book has a strong theme
- Eakeby (P % of model-based design of
®4 embedded systems.

http://LeeSeshia.org/

http://LeeCeshia.org.
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Syntax of AND States

In Statecharts, communication between concurrent state
machines is specified by name matching.

Module_TRAFFIC LIGHT

P nentlList52state

Example from Reinhard von
Hanxleden, Kiel University

P tatementList110state

[ Cred(1), Cyel(0), Cgm(0)

(Pred(1), Pgr(0)

- /B
Pgo:P pat). Pgm(1) |
1
1

Communication path

B Sec / Cyel(1), Pstop { Cred(0), Cyel(1), Cgm(0)
Ermror.
Ok Pred(0), Pgmn(0)

/Sec / Cred(0), Cyel(0), Cam(1) Sec / Cyel(0)

’ Can you tell whether there is feedback? ‘

2 Sec / Cyei(1), Cgm(0) (This might be called the
modal model meta model muddle).

J
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Syntax of AND States

In Ptolemy Il, communication between concurrent state

Sec_isPresent
Cred=0; Cyel=0; Cgm=1; count = 0

Sec_isPresent
Pgo=1; Cred=1; Cyel=0; Cgm=0; count = 0!

ec_isPresent && count < 1
count = count + 1

Sec_isPresent && count == 1
Cyel=1; Cgm=0

machines is explicit PedestrianLightNomal
) CarLightNorpal re
o e L e P
«
<~ Pgrn
Sec
Now can you tell ~
. Error
whether there i This is also more modular because
Ok names don’t need to match at the
source and destination of a connection.
— [
true Pstop_isPresent
i m e Pred=1; Pgm=0
S TP Scon <2 Freosti om0 —
Pgreen
g ' Cyel=1; Pstop=1 Pgo_isPresent
Pred=0; Pgm=1

This model turns the pedestrian lights
green when the car control lights go red.

Lee, Berkeley 35
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