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Foreword

I am very pleased to play even a small part in the publication of this book on the
SIGNAL language and its environment POLYCHRONY. I am sure it will be a sig-
nificant milestone in the development of the SIGNAL language, of synchronous
computing in general, and of the dataflow approach to computation.

In dataflow, the computation takes place in a producer–consumer network of in-
dependent processing stations. Data travels in streams and is transformed as these
streams pass through the processing stations (often called filters). Dataflow is an
attractive model for many reasons, not least because it corresponds to the way pro-
duction, transportation, and communication are typically organized in the real world
(outside cyberspace).

I myself stumbled into dataflow almost against my will. In the mid-1970s, Ed
Ashcroft and I set out to design a “super” structured programming language that,
we hoped, would radically simplify proving assertions about programs. In the end,
we decided that it had to be declarative. However, we also were determined that
iterative algorithms could be expressed directly, without circumlocutions such as
the use of a tail-recursive function.

The language that resulted, which we named LUCID, was much less traditional
then we would have liked. LUCID statements are equations in a kind of executable
temporal logic that specify the (time) sequences of variables involved in an iteration.

We had originally planned to translate LUCID programs into imperative code,
but that proved very difficult. Several people suggested using a dataflow approach,
in which the time sequences are realized as streams in a dataflow network. In fact,
Gilles Kahn had anticipated this approach in his famous 1974 paper in which he
showed that a fairly straightforward dataflow scheme correctly computed the least
fixed point of the corresponding stream transformation equations.

LUCID was fascinating but unfocused – one colleague called it “a solution look-
ing for a problem.” What we needed was a “killer” application. We looked at
scientific computing, graphics, even text processing. It never occurred to us to con-
sider real-time control.

It did, however, occur to the founders of the French school of “synchronous”
programming. Encouraged by Gérard Berry and Albert Benveniste, they ruthlessly
and drastically simplified the language. This was unavoidable, because the origi-
nal, general, LUCID seemed to require unbounded FIFO queues between producers
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and consumers, and even dynamically growing dataflow nets. The stripped-down
languages could now be compiled into (fast) imperative code, but still allowed the
programmer to think in terms of dataflow. And, most important of all, one could still
carry out formal, practical, and reliable reasoning about the properties of programs.

Of the resulting languages, the Rennes group’s SIGNAL – the subject of this
book – is arguably the most faithful to the dataflow principle.

Synchronous systems have turned out to be a killer application area for dataflow;
however, a killer application is, from what I have seen, not in itself enough to en-
sure wide adoption of a technology. You also need a good implementation and,
along with it, good documentation. Furthermore, it is easy to underestimate how
much documentation is needed: conference papers, journal papers, manuals – at a
minimum. To really make an impact you need books – thorough, comprehensive,
detailed, exhaustive, like the present volume. Abdoulaye Gamatié’s book will, I ex-
pect, represent a great step forward for synchronous programming and, I hope, for
dataflow in general.

University of Victoria Bill Wadge



Preface

This book has been written to present the design of embedded systems in safety-
critical domains such as automotive vehicles, avionics, and nuclear power plants,
by using the SIGNAL programming language. SIGNAL is part of the synchronous
language family, which advocates design techniques that strongly promote the use
of formal concepts, i.e., those having a mathematically sound basis. This book is the
first attempt to provide a wide public (scientists, practitioners, and students) with a
pedagogical presentation of the necessary rudiments for a successful and pragmatic
usage of SIGNAL.

Before detailing the motivations and organization of the book, some historical
notes1 are briefly mentioned about the synchronous languages, in general, and about
the SIGNAL language, in particular.

The Advent of the Synchronous Languages

The birth of synchronous languages and models dates back to the beginning of the
1980s, when a few researchers, from control theory and computer science fields,
noticed the need for a more adequate design philosophy for highly critical embed-
ded and real-time systems. An important feature of these systems is that they often
maintain a continuous interaction with their environment. This environment can be
either some physical devices to be controlled, or a human operator, e.g., an aircraft
pilot who must realize some specific task. It is the responsibility of the environ-
ment to decide the rhythm at which the interaction takes place with a system. Such

1 These historical notes rely on the following papers:

� “The synchronous languages 12 years later” by Benveniste, Caspi, Edwards, Halbwachs, Le
Guernic, and de Simone, published in the Proceedings of the IEEE, 91(1):64–83 in 2003

� “Polychronous design of real-time applications with SIGNAL” by Gautier, Le Guernic, and
Talpin, published in ARTIST Survey of Programming Languages in 2008

� “A synchronous language at work: the story of Lustre” by Halbwachs, presented at the Mem-
ocode’05 conference in 2005

ix
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systems are usually referred to as reactive systems. The synchronous programming
paradigm offers a suitable notion of deterministic concurrency in which time is ab-
stracted by symbolic synchronization relations, facilitating the analysis of reactive
embedded and real-time system behaviors.

Among the pioneering works concerning this idea are the following: the earlier
Grafcet formalism of the Association Française pour la Cybernétique Économique
et Technique (AFCET) agency (in France), the synchronous calculus of commu-
nicating systems of Milner (in Edinburgh, UK), the STATECHARTS formalism of
Harel and Pnueli (in Israel), the ESTEREL language of Marmorat, Rigault, and Berry
(at École des Mines, Sophia-Antipolis, in France), the LUSTRE language of Caspi
and Halbwachs (at Verimag, Grenoble, in France), and the SIGNAL language of
Benveniste and Le Guernic [at Institut National de Recherche en Informatique et
Automatique (INRIA) Rennes in France]. Then, the latter three languages became
the main pillars of synchronous programming, before the proposition of further lan-
guages from the beginning of the 1990s to now, such as the ARGOS language of
Maraninchi (at Verimag, Grenoble, in France) and the SYNCCHARTS formalism of
André (at Université de Nice, Sophia-Antipolis, in France) as “fully synchronous”
versions of STATECHARTS, the REACTIVE-C language of Boussinot (at INRIA
Sophia-Antipolis in France), and the LUCID SYNCHRONE language of Caspi and
Pouzet (at Verimag, Grenoble, and Laboratoire de Recherche en Informatique, Paris,
in France). All these languages provide designers with various description styles un-
der the form of dataflow declarative languages, e.g., LUSTRE, LUCID SYNCHRONE,
and SIGNAL, and imperative languages, e.g., ESTEREL and SYNCCHARTS.

The synchronous languages and their associated technology have reached a suf-
ficient maturity that makes them an excellent candidate for the design of real-world
safety-critical systems such as flight control systems in avionics and control sys-
tems in nuclear power plants. This explains the high interest for these languages in
industry today, and particularly their successful adoption by European industries.

Focus on the SIGNAL Language

In 1981, the French INRIA institute and Centre National d’Études des Télécommu-
nications (CNET) started a joint project on the design of signal processing applica-
tions executing on digital signal processors. From the INRIA side, research teams
from INRIA Rennes and INRIA Rocquencourt were involved in this project. Among
the objectives of the project was the definition of a new domain-specific language,
adopting a dataflow and graphical style with array and sliding window operators,
required for the design of signal processing applications. This language is called
“SIGNAL” in reference to its original target application domain, i.e., signal process-
ing. In 1988, it became a joint trademark of CNET and INRIA.

During the joint CNET–INRIA project, Le Guernic and Benveniste were in
charge of SIGNAL language definition, together with Gautier. The first paper on
SIGNAL, dealing with an algebraic description of networks of flows, was authored
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by Le Guernic in 1982. The first complete description of the SIGNAL language
was provided by Gautier in his Ph.D. thesis, in 1984. Then, Le Guernic and
Benveniste proposed the algebraic encoding of abstract clocks in the Z=3Z do-
main in 1986. Together with other contributors, they described the semantics of
SIGNAL using different models: operational semantics (presented in this book), de-
notational semantics, trace semantics (which is used in the reference manual for
SIGNAL version 4), and the more recent tagged model (also presented in this book),
now considered as a reference paper for the polychronous model. In addition to
these propositions, Nowak proposed in 1999 a coinductive semantics for modeling
SIGNAL in the Coq proof assistant.

During the 1990s, a full compiler, implementing the abstract clock calculus of
SIGNAL (with hierarchies of Boolean abstract clocks), was described by Besnard
in his Ph.D. thesis, defended in 1992. This abstract clock calculus was improved
3 years later during the Ph.D. study of Amagbegnon, who defined arborescent
canonical forms. In the same period, the SIGNAL language was improved and its
application domain was extended to embedded and real-time systems in general. In
particular, the native relational style of the language naturally enables its application
to model systems with multiple physical clock rates.

During the same period, the design and implementation of distributed embedded
systems using SIGNAL became a hot research topic at INRIA Rennes. Several Ph.D.
studies have been devoted to this topic. These studies were conducted in the con-
text of cooperative projects, including European projects such as Synchron, Syrf,
Sacres, and SafeAir. Among them, those which are in phase with the mainstream of
the current SIGNAL version are the optimization methods proposed by Chéron, the
clustering models for SIGNAL programs defined by Le Goff, the required notions
for abstraction and separate compilation formalized by Maffeïs, and the implemen-
tation of distributed programs described by Aubry. All these studies were conducted
by the authors during their Ph.D. research.

In addition to the aforementioned studies, many other works have concerned
extensions of SIGNAL, translations to or from SIGNAL, and specific applications.
Among these works is the definition of an affine abstract clock calculus for affine
abstract clocks by Smarandache. Belhadj, Kountouris, and Le Lann, in collaboration
with Wolinski, used SIGNAL for hardware description and synthesis, and proposed
a temporal interpretation of SIGNAL programs for the validation of quantitative
real-time properties of embedded systems. Dutertre, Le Borgne, and Marchand de-
veloped the theory of polynomial dynamical systems on Z=3Z, implemented it in
the SIGALI model-checking tool, and applied it for verification and controller syn-
thesis on SIGNAL programs.

The first decade of the twenty-first century is the era of significant theoretical
and practical studies on the polychronous semantic model of SIGNAL, considered
as the reference model for the language nowadays. Le Guernic, Benveniste, and
other contributors characterized specific classes of polychronous programs such as
endochronous ones. They analyzed the links between synchrony and asynchrony
and introduced the property of isochrony in the context of synchronous transi-
tion systems. A more constructive version of isochrony, called endo-isochrony,
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was proposed later by Le Guernic, Talpin, and Le Lann in the tagged model of
polychrony. During my Ph.D. research (defended in 2004), I used the SIGNAL

language to define a polychronous modeling of real-time executive services of the
Aeronautical Radio Inc. (ARINC) avionic standard. The polychronous model of
SIGNAL is well suited for the description of concurrent systems via a modular com-
position of their constituent elements while preserving the global synchronization
relations in these systems. Hence, it is well adapted for the design of multiclocked
systems in which each component owns a local activation clock, e.g., distributed
real-time systems.

A major part of the aforementioned works was carried out within the academic
design environment of SIGNAL, called POLYCHRONY, distributed online for free at
http://www.irisa.fr/espresso/Polychrony.

In addition to POLYCHRONY, there is an industrial environment for the SIGNAL

programming, originally called Sildex, developed by the French software com-
pany Techniques Nouvelles pour l’Informatique (TNI) in 1993. SIGNAL was
licensed to TNI in the early 1990s. Today, TNI is part of the French Geensys group
(http://www.geensys.com). The Sildex commercial toolset, now called RT-Builder,
is supplied by Geensys. Among the industrial users of RT-Builder are Snecma,
Airbus, and Thales Airborne Systems. Snecma uses RT-Builder for the modeling
of Aircraft engine control. Airbus also uses RT-Builder for similar purposes, e.g.,
modeling of systems of the Airbus A380. Thales Airborne Systems rather uses the
tool for performance evaluation of airborne systems.

SIGNAL Versus the Other Synchronous Languages

As a main difference from the other synchronous languages, SIGNAL naturally con-
siders a mathematical time model, in terms of partial order relations, to describe
multiclocked systems without the necessity of a sequential reference (or global)
abstract clock that serves for the synchronization of system components. This mod-
eling vision, referred to as “polychrony’ in the jargon of SIGNAL, also offers a
comfortable expressivity to specify asynchronous system behaviors, in which the
interleaving of observed events needs to be addressed at a fine-grain level. For that
purpose, the polychronous model abstracts the synchronization and scheduling re-
lations between the events that form a system behavior. The resulting relational
descriptions are not always deterministic and executable, e.g., when they describe a
system only partially. Thus, SIGNAL is both a specification and a programming (in
the sense of executable specifications) language.

This vision adopted by SIGNAL differs from that of the other synchronous lan-
guages, e.g., LUSTRE and LUCID SYNCHRONE, which assume a priori the existence
of a reference abstract clock in system descriptions. In addition, with a synchronous
language such as LUSTRE, a developer always writes actual executable specifica-
tions; so he or she is programming. However, even though SIGNAL specifications
are sometimes not executable, they can be used for property analysis in the system

http://www.irisa.fr/espresso/Polychrony
http://www.geensys.com
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under construction so as to obtain some early feedback about the current design
decisions. But, in most cases such specifications are given executable semantics.
In fact, the SIGNAL specification paradigm is very similar to constraint program-
ming, where relations between variables are described in the form of constraints.
The ESTEREL language recently proposed a multiclocked extension to permit the
description of globally asynchronous, locally synchronous systems.

Motivation for This Book

Lots of papers have been published on different aspects of the synchronous lan-
guage SIGNAL. However, today, an extended pedagogical document presenting the
basic material and the main technical concepts of SIGNAL and its associated pro-
gramming style is lacking. Such a document would strongly facilitate the adoption
of the language by scientists, practitioners, and students for the design of embedded
systems. The challenge of this book is to fill this demand.

The content of this book was originally and freely inspired by the real-time
programming teaching notes (at master’s level) of Bernard Houssais, formerly an
associate professor at Université de Rennes 1 in France, who retired in 2004. As a
former assistant professor (ATER) at Université de Rennes 1, I replaced Bernard and
taught that same course for 1 year before moving to the Laboratoire d’Informatique
Fondamentale de Lille (France) by the end of 2005. I still teach the same course a
few hours per year to master’s level students, at Université des Sciences et Tech-
nologies de Lille. The Bernard’s original teaching notes are currently available at
http://www.irisa.fr/espresso/Polychrony. Some the exercises provided in this book
come from these notes. The material presented in the book also relies on the rich lit-
erature devoted to SIGNAL. As an important complement, the reader could also refer
to the works of the Environnement de Spécification de Programmes Reactifs Syn-
chrones (ESPRESSO) team project (http://www.irisa.fr/espresso), which develops
the SIGNAL language. The reference manual for SIGNAL written by some members
of ESPRESSO (L. Besnard, T. Gautier, and P. Le Guernic) is the most complete
technical document on the language. In my opinion, it is a good companion to this
book for those who want to learn more about SIGNAL. It is available at the same
Web site as the teaching notes mentioned previously.

An important part of this book also relies on my experience with extensive us-
age of the SIGNAL language for the design of embedded systems in my research
activities. As mentioned in the historical notes about SIGNAL, I contributed to the
development of the polychronous model during my Ph.D. research, supervised by
Le Guernic and Gautier (two major contributors to the SIGNAL language) within the
ESPRESSO team project. Finally, even though most of the examples presented in
the book concern design and programming, the notions introduced could also serve
for specification.

http://www.irisa.fr/espresso/Polychrony
http://www.irisa.fr/espresso
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How To Read This Book

The overall organization of the book consists of four parts and an appendix,
described below.

� Part I: Real-time and synchronous programming. This part is devoted to the
presentation of general notions about programming approaches for real-time em-
bedded systems. Readers who are not familiar at all with the safety-critical
embedded system domain may find in this part some basic elements to under-
stand the important challenges for and issues with system design. Chapter 1
recalls some elementary definitions of real-time embedded systems and discusses
different viewpoints on how to model timing aspects when programming such
systems. In particular, it aims to show that according to the way time is mod-
eled in a system, reasoning about nonfunctional properties becomes more or less
easy and relevant. Chapter 2 concentrates on synchronous programming. It in-
troduces the foundations of the synchronous approach and gives a panorama of
synchronous languages. The overall goal of this chapter is to give the unfamiliar
reader a flavor of synchronous programming in general.

� Part II: Basic concepts and notations of SIGNAL. The presentation of SIGNAL

programming, which is the main topic of this book starts from Part II. This part
is very easy to read for readers who are familiar with any general-purpose pro-
gramming language such as C or Java. After this part, beginners are expected
to be able to define their first SIGNAL programs. The very basic concepts of
the SIGNAL language are introduced as follows. Chapter 3 presents the notions
of SIGNALas well as relations. Then, Chap. 4 presents the programming units,
called processes. Chapter 5 describes some useful extended constructs of the
language, which are specifically devoted to the expression of pure control (i.e.,
abstract clock manipulation, which is a particularity of SIGNAL in comparison
with the other synchronous languages). Finally, Chap. 6 details the practical de-
sign of a simple example: from the SIGNAL specification to the simulation via
the code generation. At the end of each chapter, the reader is provided with some
training exercises.

� Part III: Formal properties of SIGNAL programs. The mathematical founda-
tions of the SIGNAL language are presented in this part. This characteristic makes
the language suitable for formal reasoning about the properties of defined mod-
els. Hence, it favors the trustworthy validation of designed systems. This part
is recommended for readers who want to learn, on the one hand, the formal
semantics of the SIGNAL language and, on the other hand, the formal proper-
ties of SIGNAL programs that are considered for their analysis. It gives a good
picture of what a formal language enables. Chapter 7 first describes two kinds
of semantics for the SIGNAL language: an operational semantics and a denota-
tional semantics. Then, Chap. 8 presents the encoding of SIGNAL programs in
the Z=3Z domain, allowing one to reason on programs based on the algebraic
properties of this domain. Finally, Chap. 9 illustrates typical program analyses in
Z=3Z, and how the result of such analyses is exploited to automatically generate
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executable code. These last two chapters describe what is actually done during
the compilation of SIGNAL programs in the compiler of POLYCHRONY. In all
chapters in this part, a few training exercises are also given.

� Part IV: Advanced design in SIGNAL. This part addresses pragmatic design
and programming issues in SIGNAL. It provides some concepts and examples
that can significantly help readers to define nontrivial designs. Chapter 10
first presents the following notions: modularity for reuse, abstraction, abstract
clock refinement or oversampling, and assertion for contract-based specifica-
tion. Chapter 11 deals with the design of multiclocked systems, and globally
asynchronous, locally synchronous systems in particular. This topic has been ex-
tensively studied in SIGNAL, mostly from a theoretical point of view. Chapter
12 gives some design patterns that help readers to understand more the design
principles in SIGNAL. Finally, Chap. 13 illustrates the complete design steps for
the implementation of a solution to the well-known synchronization problem of
asynchronous systems: the dining philosophers. Similarly to the previous two
parts, in each chapter of this part, some training exercises are provided. From
now on, the reader is supposed to be skilled enough with the SIGNAL program-
ming concepts to tackle and debug complex problems!

� Appendixes: Appendix A indicates the SIGNAL compiler’s commands that are
most often used in practice. Appendix B gives the grammar of the SIGNAL lan-
guage. Finally, solution ideas for the exercises given throughout this book are
provided at the end of the book.

All the SIGNAL descriptions presented in the book are defined with the Poly-
chrony toolset. For their compilation, version 4.15.10 of the batch compiler (avail-
able at http://www.irisa.fr/espresso/Polychrony) was considered.
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Abbreviations

AFCET Association Française pour la Cybernétique Économique et
Technique

APEX Application executive
ARINC Aeronautical Radio Inc.
CMA Centre de Mathématiques Appliquées
CNET Centre National d’Études des Télécommunications
CNRS Centre National de la Recherche Scientifique
ESPRESSO Environnement de Spécification de Programmes Reactifs

Synchrones
FSM Finite state machine
FWS Flight warning system
GALS Globally asynchronous, locally synchronous
GCD Greatest common divisor
I3S Informatique Signaux Systèmes de Sophia Antipolis
INRIA Institut National de Recherche en Informatique et Automatique
IRISA Institut de Recherche en Informatique et Systèmes Aléatoires
LRI Laboratoire de Recherche en Informatique
SOC System-on-chip
TNI Techniques Nouvelles pour l’Informatique
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