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Abstract: This article presents the modeling and implementation of multi-clocked mode
automata using the model-driven engineering tool GME(Generic Modeling Environment)
and starting from a meta-model for the computer-aided embedded system design tool PoLy-
CHRONY.

The article presents the design of a meta-model in GME for the data-flow multi-clocked
synchronous formalism Signal of POLYCHRONY, its extension to multi-clocked mode au-
tomata and the use of model transformation technologies of the GME environment to embed
the latter extension in the former workbench. The complete model and transformation
process is formalized and given a formal operational semantics.
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Modélisation et transformation d’automate de mode
multi-horloge

Résumé : Cet article présente le paradigme de conception réalisé pour modéliser des
automates de mode multi-horloges dans l'environnment générique de modélisation (GME).
Ce paradigme est construit comme une extension de Signal-Meta, le paradigme réalisé pour
le formalisme synchrone orienté flot de données de la plateforme POLYCHRONY, SIGNAL.

L’article décrit rapidement le métamodeéle Signal-Meta, et plus précisément 1’extension
faite de ce métamodéle pour représenter les automates de mode et la maniére dont de tels
automates sont traduits en SIGNAL. Une sémantique formelle est donnée pour tous les
mo‘éles et les transformations qui leur sont appliquées.

Mots-clé : Automata de mode, transformation de modéle, GME, langages synchrones,
SIGNAL
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4 Brunette € Talpin

1 Introduction

Inspired by concepts and practices borrowed to digital circuit design and automatic con-
trol, the synchronous hypothesis has been proposed in the late ’80s and extensively used for
embedded software design ever since to facilitate the specification and analysis of control-
dominated systems. Nowadays synchronous languages are commonly used in the European
industry, especially in avionics, to rapidly prototype, simulate, verify and synthesize embed-
ded software for mission critical applications.

In this spirit, synchronous data-flow programming languages, such as LUSTRE [1], Lu-
cid [12] and SIGNAL [4], implement a model of computation in which time is abstracted
by symbolic synchronization and scheduling relations to facilitate behavioral reasoning and
functional correctness verification. While block diagrammatic modeling concepts are best
suited for data-flow dominated applications, control-dominated processes may sometimes be
preferably modeled using imperative formalisms, such as Esterel [17], Statecharts [15] or
Syncharts [16].

In the particular case of the POLYCHRONY workbench, on which SIGNAL is based, time
is represented by partially ordered synchronization and scheduling relations, to provide an
additional ability to model high-level abstractions of system paced by multiple clocks: glob-
ally asynchronous systems. This gives the opportunity to seamlessly model heterogeneous
and complex distributed embedded systems at a high level of abstraction, while reasoning
within a simple and formally defined mathematical model.

In POLYCHRONY, design proceeds in a compositional and refinement-based manner by
first considering a weakly timed data-flow model of the system under consideration and then
provide expressive timing relation to gradually refine its synchronization and scheduling
structure to finally check correctness of the assembled components using assumption/gua-
rantee reasoning. SIGNAL favors the progressive design of correct by construction systems
by means of well-defined model transformations, that preserve the intended semantics of
early requirement specifications to eventually provide a functionally correct deployment on
the target architecture of choice.

Previous work Gathering advantages of declarative and imperative approaches, mode au-
tomata were originally proposed by Maraninchi et al. [3] to extend the functionality-oriented
data-flow paradigm with the capability to model transition systems easily and provide an
additional imperative flavor. Similar variants and extensions of the same approach to mix
multiple programming paradigms or heterogeneous models of computation [13] have been
proposed until recently, the latest advance being the combination of stream functions with
automata in [14]. Nowadays, commercial toolsets such as the Esterel Studio’s Scade or
Matlab/Simulink’s Stateflow are largely inspired from similar concepts.

Contributions While the introduction of preemption mechanism in the multi-clocked
data-flow formalism Signal was previously studied by Rutten et al. in [19], no attempt has
been made to extend mode automata with the capability to model multi-clocked systems
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Modeling multi-clocked mode automata 5

and multi-rate systems, which is the aim of this article. Taking advantage of recent works
extending POLYCHRONY with a meta-model [18] in the model-driven engineering framework
of GME (Generic modeling environment [2]), we position our problem as extending to the
meta-model on which SIGNAL is based with an inherited meta-model of multi-clocked mode
automata to finally demonstrate how the later can be translated in the former by operating
a model transformation. We put an emphasis on simplicity both for the specification (one
third of a page, Figure 1) and for the formalization (five rules, Section 5.1) of mode automata.

Implementation This framework of mode automata was specified and implemented in
the matter of a month, thanks to the facilities offered by the GME environment and is
currently being ported on Eclipse [10].

Roadmap Section 2 first gives an informal presentation of the SIGNAL formalism, and of
the timed data-flow graphs structure it is based on, before to outline the extension with
mode we propose. Section 3 then presents the meta-model on which SIGNAL is based (a
meta-model for timed data-flow graphs) and its extension with modes. Section 4 provides
an operational framework to specify the semantics of data-flow graphs and mode automata
based on micro-step synchronous automata [11]. Section 5 gives the specification for the
translation of mode automata by data-flow graphs before addressing possible variants and
extensions.

2 Data-flow specification of multi-clocked systems

We position the problem by considering multi-clocked synchronous (or polychronous) spec-
ifications using the data-flow formalism SIGNAL [4].

2.1 Multi-clocked data-flow

A SIGNAL process consists of the simultaneous composition of equations on signals that
partially relate them with respect to an abstract timing model. In SIGNAL [4], a process p is
an infinite loop that consists of the synchronous composition p|q of simultaneous equations
x = y f z over signals noted z,y, z. Restricting the lexical scope of a signal name x to a

process p is noted p/x.
e

~ =
p,q == plglp/z|r=yfz (process)

An equation x = y f z defines partially timed relations between an expression e over input
signals and an output signal. There are three primitive expressions in SIGNAL: delay,
sampling and merge.

- A delay equation z = y prev initially defines the signal x by the value v and then by
the previous value of the signal y. In a delay equation, the signals z and y are assumed to
be synchronous, i.e., either simultaneously present or simultaneously absent at all times.

RR n°5728



6 Brunette € Talpin

- A sampling = ywhen z defines & by y when z is true and both y and z are present.
In a sampling equation, the output signal z is present iff both input signals y and z are
present and z holds the value true.

- A merge x = ydefault z defines x by y when y is present and by z otherwise. In a
merge equation, the output signal is present iff either of the input signals y or z is present.

2.2 Example of a crossbar switch

To support the presentation of our modeling techniques thorough the article, we consider
the example of a simple crossbar switch. Its interface is composed of two input data signals
y1 and y2 and a reset input signal r. Data signals are routed along the output data signals
x1 and x2 upon the internal state s of the switch. The state is toggled using the reset signal
by the functionality toggle(s,r). Data is routed along an output signal = from two possible
input sources y; or y2 upon depending on the value of s by two instance of the functionality
x = route(s, Y1, y2).

T Y
\ | s = toggle(r)

. def

Y2 — | switch | — 22 (z1,72) = switch(yy, y2,7) = | 21 = route(s,y1,y2)
| | z2 = route(s,y2,y1)
1

The subprocess toggle defines the state of the switch by the signal s. If the reset signal r
is present and true, then the next state t is defined by the negation of current state s and
otherwise by s.

s = toggle(r) def (s =t pre true |t = not swhen r default s) /t

The subprocess route selects which of the values v and w of its input signals y or z to send
along its output signal z depending on the boolean signal s. If s is present and true, it
chooses v and else, if s is present and false, it chooses w.

x = route(s, y, z) L = (y when s) default (z when not s)

Remember that SIGNAL equations partially synchronize input and output signals. In the
route process, this implies that none of the signals y, z and s are synchronized, and that the
output signal x is present iff either y is present and s true or z is present and s false.

2.3 Modeling multi-clocked systems

Just as in the POLYCHRONY workbench it is built upon, the data-flow synchronous formalism
SIGNAL supports an intermediate representation of multi-clocked specification that exposes
its control and data-flow properties for the purpose of analysis and transformation. A process
p is represented as a data-flow graph G. In this graph, a vertex g is a data-flow relation

INRIA
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Modeling multi-clocked mode automata 7

that partially defines a clock or a signal. A signal vertex ¢ = x = f(y1.,) partially defines
x by f(y1..n) at the clock ¢. A clock vertex & = e defines a relation between two particular
signals or events called clocks.

G,H :=g|(G|H)|G/z (graph) ghi=T=elc=z=f(yrn) (vertices)

A clock ¢ expresses control and defines a condition upon which a data-flow relation is exe-
cuted. The clock & defines when the signal x is present (its value is available). The clocks
x and —x mean that x is true and false, respectively, and hence present. A clock expression
e is Boolean expression that defines how a clock is computed. 0 means never.

cu=&|x|—x (clock) ex=0]cler\ea,|e1 Vealer Aeg (expression)

The decomposition of a process into the synchronous composition of clock and signal vertices
is defined by induction on the structure of p. Each equation is decomposed into data-flow
functions guarded by a condition, the clock & of the output. This clock will need to be
computed for the function to be executed.

Glzyper) = (E@=az=yprev)|(s=7)
G[r:ywhen z] d:ef (i% =T = y) H (if? = g A Z)
Glomyaetaitz] = (F=z=1y)|(E\G=2=2)(E=§V2)
def
G[plq] = G[p] " G[q]

Glp/a] G/

Case of the crossbar switch Let us construct the graph of the crossbar switch. It can
modularly be defined by one instance of the toggle functionality and two instances of the
router. Each functionality can be decomposed into an untimed data-flow graph and its
specific timing model be expressed by clock relations.

def

Gswitch = (Gtoggle | CTVroutel " Grouteg) /St

Groggle = (3=>s=tpretrue)|(r=1t=nots)|(\r=t=s)|(=3)
d

def

0<i#j<2, G'route; (S:>x¢:yi)|(—\52>x¢=yj)

2.4 Mode automata

The switch is a typical example of specification where an imperative automata-like structure
superimposed to a native data-flow structure gives a shorter and more intuitive description
of the system’s behavior. The mode automata of the switch consists of two states flip and
flop, in which routing is performed from y; » to either x; 2 or x3; depending on the current
mode of the automaton. The mode toggles from flip to flop, or converse, upon an occurrence
of the event r.
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8 Brunette € Talpin

init ﬂlp : (.731 = Y1 |332 = yQ)

— ewi def | flop: (z1 =y2|22 = 1)
(w1, 2) = switch(y, yo, ) = | = flip— flop
| 7= flop—flip

To express mode automata, we consider a super-class of our meta-model for SIGNAL, which
comprises the following base syntactic elements. inits specifies the initial state of an au-
tomaton a, s : p the behavior p associated to mode s and e = s — t gives the clock e
(or guard) of the transition from state s to state ¢. Automata a and b naturally compose
synchronously with a|b.

a,b=inits| (s:p) | (e=>s—1)]|alb

3 A meta-modeling approach

To develop our meta-modeling approach, we have used the GME environment [2]. GME is a
configurable UML-based toolkit that supports the creation of domain-specific modeling and
program synthesis environments. It is developed by the ISIS institute at Vanderbilt Uni-
versity, and freely available at [8]. Meta-models are proposed in GME to describe modeling
paradigms for specific domains. Such a paradigm includes, for a given domain, the necessary
basic concepts in order to represent models from a syntactical viewpoint to a semantical one.

3.1 The SIGNAL meta-model

The definition of a meta-model in GME is realized using a specific paradigm called MetaGME.
First, modeling paradigm concepts are described in an UML class diagram. To achieve it,
MetaGME offers some predefined UML-stereotypes [9], among which FCO, Atom, Model,
and Connection. FCO (First Class Object) constitutes the basic stereotype in the sense
that all the other stereotypes inherit from it. It is used for expressing abstract concepts.
Atoms are elementary objects that cannot include any sub-part. On the contrary, Models
may be composed of several FCOs. Containment and Inheritance relations are represented
as in UML. All the other types of relations are specified through Connections. Some of these
stereotypes are used in the class diagram in Fig. 1. For the SIGNAL meta-model (Signal-
Meta), class diagrams describe as concepts all syntactic elements defined in SIGNAL v4 [7].
Among these concept, there are an Atom for each SIGNAL operator (e.g. numeric, clock re-
lations, constraints), a Model for each SIGNAL container (e.g. process declaration, module),
and a Connection for each relation between SIGNAL operators (e.g. definition, dependence).

In these class diagrams, GME provides a means to express the visibility of FCOs within a
Model through the notion of Aspect. Each FCO must be associated, at least, to one Aspect
in which it is visible. Signal-Meta comprises two main Aspects: Computation part and Clock
and Dependence Relations. The first Aspect manages all data-flow relations of the model,
and the second one, all clock relations between signals.

INRIA



Modeling multi-clocked mode automata 9

The last step of the definition of a modeling paradigm in GME is to add some OCL Con-
straints in order to check some dynamic properties on a model designed with this paradigm.
In Signal-Meta, OCL constraints check the validity of attribute values, such as the unique-
ness of names inside a Model.

3.2 Refinement of the meta-model with modes

To manage mode automata, we extend Signal-Meta with a new class diagram represented
in Fig. 1. An Automaton is a Model composed of states, transitions, and StateObservers.

There are three kinds of state: AndState, Automaton, and State. The two former are
Model composed of other states, whereas the last one is a terminal state composed of equa-
tions. An AndState consists of two or more states that are composed in parallel. An
Automaton can be added to another Automaton as a state, or to one of the Signal-Meta
Models, represented in the class diagram by the Models WithDataflow Model. Thus, mode
automata can be easily compose with SIGNAL programs or with other mode automata. This
abstract concept represents Models including the two Aspects mentioned in previous section
and all operators described in Signal-Meta. State inherits from this Model to be able to
describe SIGNAL equations. Finally, the InitState Atom is dedicated to be connected to the
initial state of the automaton.

StateBase Transition

ModealsWithDatafiow ;
T ==Connection==
—e ==hlodelProxy== E sshelas PR (R T
0. = Bl TransitionPriotity : fisld |
a Guard : feld
?
I s R I ekl Meehbtie rsiisbolcazuasiciicn s
State CompoundState Constraintinput InitialTransition
==Model== ==Model== ==FCOProwy== ; ==Connection==
a
| A { Z:}‘ sre 0.1
StateObserver Automaton e InitState
Ll i:ﬂdnit:ri ==Atom== = =<iodel== ==Atom==
ProcessMame :field 1
|n..* [

Figure 1: Extension of the SIGNAL meta-model for mode automata.

Transitions are represented as Connection in the meta-model. There are two kinds of
transitions: InitialTransition, and Transition. InitialTransition connects an InitState Atom
to a state of an Automaton. There can only be one such Connection in an Automaton. For
a Transition, it connects a state to another. The source and the destination can be the same
state. This connection has a Guard attribute, which corresponds to a boolean expression.
To guarantee the determinism of the automaton, an attribute ( TransitionPriority) is added
to express the priority of a Transition. Thus, the smaller the value of the transition is, the

RR n~°5728



10 Brunette € Talpin

more the transition has priority. An OCL constraint checks that for each state, all output
transitions have different priorities.

To follow the state of an automaton, we add the StateObserver Atom, which allows to call
a process using the current state of the automaton as the only input signal of this process.
The name of the process is given through the attribute ProcessName. If this attribute is not
defined, the current state is written on the standard output.

Basically, the clock of an automaton depends of the clock of the signals used in all its
transitions and states. The clock of an automaton can alternatively be explicitly specified.
In the meta-model, this is translated by the inheritance of Automaton from ConstraintInput.

3.3 Example of the switch

We illustrate the use of the mode automata extension on the example of the switch. Fig.
2 represents the mode automaton of the switch inside the GME environment. Concepts
described in the previous section appear in the bottom frame of Fig. 2.

% Sicnal - Root Folder - [SwitchAtm - /Reot Folder/Switch/] jei=D oS
4l File Edit View ‘Window Help - | & %
|7 ieldE@BX A0 a4 i FVa @ EETEEEET ? |56
i§ T Mame; | Switchatm |Autamatan Aspect] Automata 8- %
'EH, ]Transition I~ forfind
ro
& Iﬂ_' j__ Attributes ]Preferencesi Prapsrties |
_w G)—Hi;4 = Dlél [Boclean condtion. 1 'Al
<X flip flop ;vi
& 1
et Py =
Bk by 53 o, [S]
AndState Automaton Initstate Stat StateObserver
|| |_Automata ]
Rea.dy EEDIT -:100%: .;E;igneil 1033 AM:.

Figure 2: Example of the SwitchAtm automaton in GME.

The SwitchAtm automaton contains two terminal states (flip and flop). Transitions
are guarded by the value of the event r, as labeled on the middle of transitions. The 0
indicates the transition priority. The content of £lip (resp. flop) state is represented
at the left (resp. right) of Fig. 3. On these figures, dotted arrows correspond to partial
definitions in SIGNAL, and x1, x2, y1, and y2 are references to signal declared in an upper
Model.

The upper Model is that of the switch and the SwitchAtm automaton and all the signals
it uses are declared there. Fig. 4 shows two main Aspects of the switch Model: the
computation part on the left, and the clock relation on the right. In this Model, y1, y2, and
r are input signals, and x1 and x2 are output signals.

INRIA



Modeling multi-clocked mode automata 11

AR s b L *p0 o Ty g a
Y1 X1 il X1
7 SR L8 7 NN S S o8
y2 X2 y2 %2

Figure 3: Content of states f1ip and flop.

In the clock relation Aspect, the clock of SwitchAtm is synchronized with the union of
the clock of the y1, y2, and r. The clock of x1 and x2 have to be specified explicitly because
they are defined using partial definition. Therefore, the MinClock operator is used to define
the clock of x1 and x2 as the union of clocks of their partial definitions. The DATA_TYPE
parameter is only used to define a generic type for input and output signals.

o )] O
oaTa TvPE Y1 %1 DATA_TYPE 1 .
2 ) "
n 23 D | D O
12 Suwritchatm %2 #1 .[‘:II:I.J ¥ Swvitchatm
i O

r 2 5

Figure 4: The switch process.

4 Operational semantics framework

The semantics of multi-clocked data-flow graphs and mode automata is described by con-
sidering the theory of synchronous micro-step automata proposed by Potop et al. in [5].
As already demonstrated for SIGNAL, this framework accurately renders concurrency and
causality for synchronous (multi-clocked) specifications [6].

4.1 Micro-step synchronous automata

Micro-step automata communicate through signals z € X. The labels | € Lx generated
by the set of names X are represented by a partial map of domain from a set of signals X
noted vars(l) to a set of values V- = V U {L} and tags. The label L denotes the absence
of communication during a transition of the automaton. We note I’ < [ iff there exists [”
disjoint from !’ such that I =1’ Ul” and then [\’ =1". We say that [ and I’ are compatible,
written [ > ', iff I(z) = U'(x) for all z € vars(l) Nvars(l’) and, if so, note [ U’ their union.
We write supp(l) = {z € X |I(z) # L} for the support of a label I and L x for the empty
support.

Synchronous automata account for primitive communications using read and write op-
erations ondirected communication channels pairing variables x with directions represented
by tags. Emitting a value v along a channel x is written !z = v and receiving it 7z = v.
We write vars(D) for the channel names associated to a set of directed channels D. The
undirected or untagged variables of a synchronous automaton are its clocks noted c.

RR n°5728



12 Brunette € Talpin

An automaton A = (s°, S, X, —) is defined by an initial state s°, a finite set of states S
noted s or x = v, labels Lx and by a transition relation — on S x Lx x S. The product
A1 X AQ of Az = (S?,S“X“—n) for 0 < 4 S 2 is defined by ((3?,88),81 X SQ,Xl U XQ,—>)
where (s1, s2) —! (s}, s4) iff s; —!xi s/ for 0 < i < 2 and [|x, the projection of [ on X;. An
automaton A = (s°, 9, X, —) is concurrent iff s —+ s for all s € S and if s —! s’ and I’ <1
then there exists s” € S such that s —! s and s” —"\I' s'. A synchronous automaton
A=(s°8,X,¢c,—), of clock c € X, consists of a concurrent automaton (s", S, X, —) which
satisfies

-1.s =" simpliesl =cor c L1

-2.50 —¢s0

- 3. s —¢ s implies ' —°¢ &'

-4.if s;-1 =l s; and [; £ 1 for 0 < i, j < n then vars(l;) Nvars(l;) = 0 iff i # j.

We assume that a channel z connects at most one emitter with at most one receiver.
Multicast will however be used in examples and is modeled by substituting variable names
(one lx = v and two 7 = w2 will be substituted by two lx = v, lza = v and two 7z = w;
729 = wy by introducing a local signal x2).

The composition of automata is defined by synchronized product and synchronous com-
munication using 1-place synchronous FIFO buffers. The synchronous FIFO of clock ¢ and
channel z is noted sFIFO(z, ¢). It serializes the emission event !z = v followed by the receipt
event 7z = v within the same transition (the clock tick ¢ occurs after).

l

SFIFO((E, C) dé S0, {80.2}7 {?£C7 !(E, c}v G ¢ C SO!I—:>U31?I—:>1)82

c

Two synchronous automata are composable if their tagged variables are mutually disjoint.
Let A; = (89, S;, Xy, ¢i, —4)i=1.2 be two composable synchronous automata and c a clock and
write Afca/c1] for the substitution of ¢; by ¢z in A. The synchronous composition A |¢As is
defined by the product of A;, of As and of a series of synchronous FIFO buffers sF1ro(z;, ¢)
that are all synchronized at the same clock c.

zevars(Xa)

Afdy € (Af/a)e | & srro(zc) | © (Azlc/e))

zevars(X1)

4.2 Micro-step semantics of SIGNAL’s data-flow graphs

Micro-step automata provide a simple and expressive operational framework to formalize
the semantics of multi-clocked data-flow graphs.

INRIA



Modeling multi-clocked mode automata 13

Clocks A clock expression e corresponds to a transition system 7% from s to ¢ which
evaluates the presence of signals in accordance to e.

!
le S _la
NN
e (sfst) Ty | s |y Ty, (T, uT U T
w7
d t/ c

We write [. for the label [ that corresponds to the clock ¢ and canonically denote v, the
generic value of the signal z.

;=172 = v,) =% (22 = 1) lp=% (22 = 0)

Relations A synchronization relation & = e accepts the events & and e in any order, or
none of them, and then performs a clock transition c. Hence, the conditions expressed by &
and e need to occur at the same time.

vz €V
Ap=e = s,{s,t},{c,x} Uvars(e),c, (tiw) U Tt
vy €V | yEvars(e)

Clock expressions must be rewritten to fit the definition of T:

d=enf Y @=grzlg=clz=1)/yz
d=evfi Y @=gVilg=clz=1)/yz
d=e\f ¥ @=ylg=eVfly=1/y

Equations A partial equation ¢ = = = f(y) synchronizes x to the value of f by y at the
clock c. But x may also be present when either ¢ or y is absent. Therefore, the automaton
requires  to be emitted with the value f(v,) only after the events y and ¢ have occurred. If
at least one of either ¢ or y is present, then x may or may not be present with some value u
computed by another partial equation. The semantics (combinatorially) generalizes to the
case of ¢ = = = f(y1..n) with n > 0.

80, {501, 512);4, |vy € V}, {z,y} Uvars(d), 7,

Tr=vz 1

Acém:f(y) = UUZGV | z€vars(c) S0

Vg, Uy EV
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Structuration Composition p|q and restriction p/x are defined by structural induction
starting from the previous axioms with

def def

Aplq = A4 Ap/r = (4p)/z

Example 1. Consider the transition system for the switch process (the notation y;x;
stands for two steps o —'%=" o —'#i=" o), The switch automaton consists of two mirrored
structures that allow for concurrently receiving y; and y, and transmitting them along x
or xa according to the mode s; or sa, toggled using the signal r.

O

xr
c
y1$292rl
(&

1w1y2w2
?/1 1;\7
Y221 2T2
o

4.3 Operational semantics of mode automata

Tswitch

The operational semantics of a mode automaton is described using one equation to define
the micro-step automaton A, corresponding to the mode declaration a. To this end, a
mode automaton a is considered as a set of synchronously composed modes and transitions.
Hence, we write (s:p) € a and (¢ = s — t) € a for the modes and transitions it contains.

The semantics of a mode automaton a consists of a transition system that is the union
of the transition systems of all modes (s : p) € a. The transition system of a mode (s : p)
consists of T, (that of the process p) where s, (the initial state) is substituted by s (the
mode state). For all mode transitions ¢ = s — t € a, the transition system is completed
with the transitions from the final states u of T}, to the mode state t.

We write final(T) = {s|t —7 s € T} for the final states of T" (the sources of clock
transitions 7 in T') and S, = {s| (s : p) € a} for the states of a. As usual, s, denotes the
initial state of a and, referring to automaton A, of a process p, s, its initial state, S, its
states, X, its variables and T, its transition system.

(c=>s—t)Ea
4, « Sa,Sa U Sp, vars(a), U Tyls/sp] U ((Aé” U r;>t) /7“)
(s:p)ea (s:p)€a u€final(Typ)\sp

Example 2. In the case of the switch, this amount to superimpose two transitions of
condition r to the transition systems of the flip and flop modes.

T
—
Towiteh = ( Tflipo OTrop )
T
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5 Model transformation

We use the POLYCHRONY workbench on top of which our modeling framework is built to
perform formal verification (model checking and controller synthesis are provided with the
Sigali tool) and code generation (in C, C++ or Java) starting from mode automata. Taking
advantage of the meta-modeling framework provided by the GME, we define this necessary
mapping from the meta-model of mode automata to that of the timed data-flow graphs of
POLYCHRONY.

5.1 Compilation of mode automata

The compilation of a mode automaton as a timed data-flow graph consists of its structural
translation into partial equations modeling guarded commands and the necessary synchro-
nization relations described by clock equations. The top level rule C, defines the current
state of a, represented by a signal z (its next value being synchronously carried by the z').
The clock of the mode automaton is hence Z. It is synchronized to the clock expression e,
the activity clock of the automaton: if at least one signal y defined by the automaton has
an active clock g, the automaton is activated to compute it and to possibly perform some
transition.

The rule C¥,, , defines z initially by the initial state s and then by the previous value of
the next state /. The rule C%, ., defines the next state ' by ¢ if the current state s is
x and the condition ¢ holds. The rule Cf,, defines a mode s by guarding the graph of the
process p by the condition x = s. The term (x = s) is the clock that corresponds to the
condition of x being equal to s a state of the automaton. To be precise, it stands for the
clock y defined by the equality test y = eq (z, s).

def ~

Cll = (Cg " (A = ‘%I) " (ﬁ? = €$)) /(EiC/ with Cx = Vyedefs(a) Y
- def . ’
Ctus = ZT=>xz=2apres
def
Csyp = (z=35)= G,
Cro def (x=s)ANe=a2' =t
def
lelb = C,|Cy

The notation (x = s) = G, conditions the data-flow graph G, of the process p, that models
the behavior of the automaton in mode s, by the clock (z = s). This means that each and
every relation in G, is then further conditioned by that clock. We write:

c= (G1H) ¥ (¢c=G)|(c= H)
c= (G/x) def (c= G)/z, x & vars(c)
c=(E=¢) ¥ (cAd)=(cAe)

ez (d=r=Fflyn) © (cnd) =z=f(ya)
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5.2 Extensions and variants

While the model of mode automata we present is primarily designed to be simple, it supports
extensions and variants that are of equal simplicity to formalize, thanks to the adequate
intermediate representation under consideration.

Strong versus weak preemption While the presentation put the emphasis on weak
preemption to model mode transitions, strong preemption can be specified and transformed
into the core meta-model of Signal with an equal simplicity. Let us note ¢ = s — t that
immediately performs a transition from mode s to mode ¢ upon some condition materialized
by the clock ¢ (most likely a condition on input signals such as an alarm). Then the only
item to be modified in our translation scheme is the default rule for definition of the present
mode z (the rule associated to initsg). It is defined by the previous value of the next state
z’ unless one of the conditions ¢ of strongly preemptive transitions prevail. The effect of
a strongly preemptive transition ¢ = s — t is to define the current state = by ¢ when the
condition ¢ holds and when entering in state s (i.e. when the previous value of the next state
a’ is s).
Cihitso def 5 \ fo =z =12"presyp where f,= \/(Cés_»p)ea c

L st def ((x'presg) =s)ANec=>ax =t

Reseting versus history When a mode automaton performs a transition from a mode
to another, it always resets the local state of the target mode: all delayed signals defined
locally in that mode are defined by their initially value while the automaton enters that
mode (see Section 4.3). It may be desirable to extend this default behavior with a notion
of history similar to that found in StateCharts, for instance. This can easily be done, by
associating every locally delayed signal z = y prev with a default assignment i that is read
when the mode is entered (name this clock ¢) and written when the mode is left (name this
clock d).

x = yprev becomes (x = (z prev)when cdefault (y prev) |z = xwhend) /2

Hierarchy and locality While the meta-model inherently supports notions of hierarchy
and locality inherited from the GME elements, this aspect is not displayed in the formal
presentation of the core model. Hierarchization is here the capability to syntactically struc-
ture an automaton into sub-automata, each of them corresponding to a particular mode, or
embed mode automata into a Signal process. It is rather simple to envisage the semantics
of such an extension. Should a mode be described by a mode-sub-automaton a, then its
meaning would simply be that of the process C,. This is not surprising, as hierarchical
descriptions in StateCharts are mostly a syntactically structuring mechanism.

INRIA
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5.3 Implementation in GME

GME offers different means to extend its environment with tools, such as the MetaGME
Interpreter, which is a plug-in accessible via the GME User Interface while modeling with
MetaGME. This tool first checks the correctness of the meta-model, generates the paradigm
file, and registers it into GME. This file is then used by GME to configure its environment
for the newly defined paradigm.

1. process Switch =

2. { type DATA_TYPE; }

3. ( 7 DATA_TYPE y1, y2; event r;

4. ! DATA_TYPE x1, x2; )

5. (] min_clock(x1) | min_clock(x2)

6. | SwitchAtm::(| _SwitchAtm_O_currentState “= (y1 ~+ y2 ~+ r)

7. | _SwitchAtm_O_reinit := -0

8. | _SwitchAtm_O_nextState := (#flip when _SwitchAtm_O_reinit)

9. default (#flop when (r)) when (_SwitchAtm_O_currentState = #flip)
10. default (#flip when (r)) when (_SwitchAtm_O_currentState = #flop)
11. default _SwitchAtm_O_currentState

12. | _SwitchAtm_O_currentState := _SwitchAtm_O_nextState$ init #flip

13. | case _SwitchAtm_O_currentState in

14. {#£lip}: (| x2 ::=y2 | x1 ::=y1 |)

15. {#flop}: (| x1 ::=y2 | x2 ::=y1 |)

16. end

17. 1

18. where  type _SwitchAtm_O_type = enum(flip, flop);

19. _SwitchAtm_O_type _SwitchAtm_O_currentState, _SwitchAtm_O_nextState;
20. event _SwitchAtm_O_reinit;

21. end

22. 1)

23. where label SwitchAtm;
24. end; % process Switch %

Figure 5: The code generated from the switch Model by the SIGNAL Interpreter

In a similar way as the MetaGME Interpreter, we developed an Interpreter to analyze
Signal-Meta graphical models and produce the corresponding SIGNAL programs. This in-
terpreter is written in C++ using the Builder Object Network API (BON2) provided with
GME. We then extended this interpreter to produce the SIGNAL equations corresponding
to mode automata descriptions. The code in Fig. 5 illustrates how the interpreter works
on the switch example, which is specified in Fig. 2, 3, and 4. The transformation works as
follows. For each automaton,

e one enumeration type is built (line 18). Each value of the enumeration is the name of
a state (the uniqueness of names is checked).

e three signals are created: two signals for the current and next state of the automa-
ton, which use the type built at the previous step (line 19), and one event for the
reinitialization of the automaton (line 20).

e The currentState is defined by the value of nextState at the previous instant, and
as the initial state for the first instant (line 12).
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e The nextState signal is first defined by the initial state if the Automaton is reinitial-
ized (line 8) and then, for each transition, by the destination state if the transition
guard is true and if currentState is equal to the source of the transition (line 9-10).
Finally, it is defined by the currentState of the Automaton (line 11). Note that the
transitions are ordered according to their priority only for a state that has several
output transitions.

e The reinit event is present when the reinit event of the upper level (for hierarchical
Automaton) is present or when the nextState and the currentState of the upper
level are different. In Fig. 5, such a definition does not appear because there are no
hierarchical Automaton in the switch example. For the highest level of the automaton,
the reinit is always absent (line 7).

e Mode changes are expressed according to the value of currentState (line 13-16).

In a given Automaton, the clock of currentState is synchronized to that of nextState.
Nonetheless, it may be defined by that of another Automata. At the top-level, the clock of
currentState is synchronized (line 6) only if there is some explicit synchronization in the
Model, such as the Connection to SwitchAtm on the right of Fig. 4.

For AndStates, the interpreter only has to compose the equations of all sub-states. Fi-
nally, for States, equations are produced as for any Signal-Meta Models, which inherit from
Models WithDataflow Model [18].

6 Conclusions

We have presented a model of multi-clocked mode automata defined by extending the meta-
model of the synchronous data-flow specification formalism Signal in the tool GME. A salient
feature of our presentation is the simplicity incurred by the separation of concerns between
data-flow (that expresses structure) and control-flow (that expresses a timing model) that
is characteristic to the design methodology of Signal.

While the specification of mode automata in related works requires a primary address on
the semantics and on compilation of control, the use of Signal as a foundation allows to waive
this specific issue to its analysis and code generation engine Polychrony and clearly expose
the semantics and transformation of mode automata in a much simpler way by making use
of clearly separated concerns expressed by guarded commands (data-flow relations) and by
clock equations (control-flow relations).
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