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1 Introduction

Our main goal is to provide a specification mechanism,
a language, that allows a system designer to use well-
known programming constructs and at the same time
to leverage the mathematical properties of the design.
We believe the most important criteria to follow for the
development of a system level design language are as
follows:

e a well-defined semantics for design and verification,
e expressiveness — enough to incorporate both data and
control flow information, and

e be close to a well-known programming language that
is easy to use.

Two language extensions have been developed that
adopt a clear semantic model based on the synchronous
language ESTEREL in order to handle the issues of re-
activity and concurrency. JESTER [1], which extends
Java, and ECL [7], which extends C. Both languages
add reactive constructs with the synchronous seman-
tics of ESTEREL to a base language that is in wide use
and has advanced development tools.

The reasons for the selection of C and JAvaA as the
building blocks for our language are as follows:

e C is ubiquitous in the computing world (it is often
viewed as a sort of high-level assembly language), espe-
cially in embedded and Real Time operating systems
(RTOS) implementations.

e Java (cf[8]) has several features that make it inter-
esting for embedded system programming. In addition
to being a well-known and easy to use language, JAVA
has threads, and synchronization primitives that can be
used to deal with concurrency.

The goal of both languages is to ease the task of spec-
ifying and designing the control of embedded systems.
The concurrency of the system is expressed by com-
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posing the constituent components (classes in JESTER
or modules in ECL) either synchronously, according
to the semantics of ESTEREL, or asynchronously, ac-
cording to the semantics of the environment in which
the modules are used. The designer is not required to
understand the concurrency model supplied by Java
(for JESTER) or by the RTOS primitives in the C (for
ECL), since the semantics are well-defined by ESTEREL
and only implemented using these primitives. JESTER
and ECL have been conceived to be used in conjunc-
tion with tools like PoLIs and VCC!. By using both C
and JAVA as the basis for our specification methods, we
intend to demonstrate that the essential issue is about
the mathematical models not the syntax of the lan-
guage. The syntax of the language matters for ease of
use, the availability of development tools and standard
policies.

In this paper, the main features of JESTER and ECL
are described. Two examples are given to show their
applicability.

Related Work. There are many other projects aim-
ing at the extension of JAVA and C with reactive se-
mantics (e.g. [4, 8, 12]). Reactive extensions to C are
usually less radical in design; they seek an embedding
of “reactive primitives” in (possibly legacy) C code.

Working with JAVA allows greater freedom, inasmuch
as the amount of embedded legacy code is limited.
The reactive extensions to JAVA all build a layer of
classes on top of the regular JAVA environment. The
approaches can be grouped in two broad categories: ei-
ther they construct a sort of “simulation” reactive en-
gine on top of JAVA, or they construct a new scheduling

1Pous [2] and VCC [11] are two tools that provide the user
the means to do HW/SW platform ezploration, i.e., they give
the user the ability to evaluate different HW /SW designs of an
embedded system. VCC is a commercially available tool and has
been developed from the foundations laid out by the academic-
and research-oriented POLIS.



machinery based on the Thread interface, which pro-
vides some reactive primitives for synchronization.

The SystemC proposal recently put forth [10] addresses
a similar need, but it uses a C++ library-based ap-
proach. Hence the semantics of the language is dic-
tated by what can be achieved within the sequential
imperative C++ MOC, and is constrained by the need
to refer to the semantics of the Hardware Description
Languages that SystemC was designed to abstract.

Another related project is Giotto [5], which is a time-
triggered programming language with a compiler and
runtime library. It is targeted for control specification
of safety-critical applications with hard real-time con-
straints. The semantics of the Giotto language is only
partially synchronous: the drivers (which dictate when
tasks are called) are synchronous, while the tasks take
time. The drivers cannot call each other; with this re-
striction, compilation of these synchronous modules is
much simpler than with the full synchrony provided by
EsTEREL and thus ECL and JESTER. Thus, Giotto
identifies uses a class of synchronous programs that al-
lows efficient schedule synthesis and code generation.

As already mentioned, JESTER and ECL make provi-
sions to generate intermediate formats usable by POLIS
and VCC, by means of a separate compilation process
targeted for these tools. Therefore, JESTER and ECL
can reuse all the machinery supporting the GALS MOC
in these tools. While this is possible in principle with
the other JAvA and C extensions we saw, to the best of
our knowledge, JESTER and ECL are the first systems
to make this integration one of their design goals.

2 EC and e ter

irst a brief review of ESTEREL before we give the ex-
planation of ECL, JESTER, and their semantics. The
ESTEREL language and formal semantics guarantees
that a correct specification is always equivalent to a
deterministic nite state machine. The ESTEREL com-
piler provides a means to check a specification for cor-
rectness, and to produce a circuit- or automata- or C-
code form of the underlying state machine. The ma-
chine is actually an e tended state machine ( SM),
which means there are data actions on the transitions.
These data actions are either simple and expressed di-
rectly in ESTEREL, or are specified by functions and
procedures written by the user in C in another file,
and called from the ESTEREL code. Thus, ESTEREL
has a link to C-code, but this code is quite separate.
The guarantees stated above, equivalence to a deter-
ministic state machine, only apply to the control por-
tion. ( or example, the user could write an infinite

r as one of the data actions; clearly this would
result in an infinite transition on the machine.) ur-

thermore, the analysis that the ESTEREL compiler per-
forms must treat data conservatively. onetheless, the
model provides a powerful method for the specification
and compilation of control-dominated machines.

As stated in the introduction, ECL and JESTER are
simply the languages C and JAVA with ESTEREL con-
structs added. These constructs include those for spec-
ifying signal communication, pre-emption, and concur-
rency, which are needed to maintain the ESTEREL syn-
chronous semantics.

The data operations in ECL and JESTER can be done
directly in the source file, not in a side file in an-
other language as is done with ESTEREL. In particu-
lar, ECL and JAvA allow complex data structures and
data manipulations to be specified, and their compil-
ers are knowledgeable about reactive (or control) loops
and data loops. A reactive loop is one which con-
tains at least one halting statement (e.g., a a ), and
hence can be analyzed easily by the ESTEREL com-
piler). These are translated to ESTEREL code by the
ECL and JESTER compilers. A data loop is one which
does not halt, and thus appears to be instantaneous
from a signal communication standpoint. These must
be translated to C or JAVA by the ECL and JESTER
compilers.

The design that one writes in ECL, for example, looks
very much like C code with some extra constructs in-
spired by ESTEREL. This is translated to an ESTEREL
part (which is the “control”) of the module, and a
C part, which are the data actions. JESTER is sim-
ilar. Thus the semantics of the two languages is pre-
cisely that of ESTEREL: a design has an equivalent syn-
chronous finite state machine where the control part is
guaranteed to be correct, and the data part should be
checked by the user or other tools. A simplified view of
the compilation process is shown in Table 1. irst the
ECL JESTER code is translated into ESTEREL (con-
trol) code and C JAVA code. The ESTEREL code may
then be compiled to C (recent developments of Es
TEREL allow for the compilation to JAVA as well) for a
full software implementation or analysis by simulation,
or it can be compiled to HDL for a hardware imple-
mentation. Table 2 shows a summary of the constructs
and features of the three languages.

n JESTER and ECL as in ESTEREL i a set o mod
ules is compiled to ether their communication is syn
chronous and they are e ectively translated to a sin le

the modules are compiled separately they can

e used in a system level desi n environment and their
communication il e dictated y the semantics o that
environment This is the GALS semantics for CC and

olis. JESTER provides this flexibility a little more ex-
plicitly: a directive is used in the language to indicate if
the module composition is to be synchronous or asyn-
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chronous. Of course, the behavior of the two types of
compositions may be di erent in general, e.g., when a
common signal occurs and is received at the same time
by all modules in the synchronous case, and at di er-
ent times in the asynchronous case. The designer is
responsible for ensuring that all the resulting variants
of behavior are equally good with respect to the over-
all system specification. See [ ] about techniques for
conservatively checking when this equivalence between
synchronicity and asynchronicity is satisfied, and [ ] for
a more powerful (but more restrictive) approach to de-
synchronization. The ability to mix, with little manual
intervention, asynchronicity and synchronicity, accord-
ing to the way the modules are compiled together, and
to thus trade o performance and cost are significant
features of of ECL and JESTER.

eter E a le

We used JESTER to implement a specification of a car
centralized door lock system obtained from Magneti-
Marelli S.p.A, Italy [ ]. The original specification was
given in natural language plus some timing diagrams.

ESTEREL JESTER ECL

Its aim is to handle key and infrared inputs to activate
the locking and unlocking of a car door.(cf. igure 1).

The specification requires that each lock or unlock com-
mand issued by the user should be executed only if
certain conditions are met. igure 2 shows a snippet
of the a e der module (a simple one for lack
of space). This module is in charge of translating the
user inputs to an internal representation for the door
lock system. A number of reactive loops are made to
wait in parallel for user inputs. Once one of the loops
detects an input it issues an “internal” command rep-
resented by either a e e or e e signal.
The adee module guarantees that the
frequency of the commands is not be too high (imple-
menting a “debouncing” module). The module only
allows the ten most recent commands in the last 0
seconds to be processed by the remaining part of the
system. igure shows a part of the JESTER class. The
queue, e e, isnormal JAVA code and keeps a maxi-
mum of ten commands. The a er he checksthat
each command can be executed, which is guarantee if
the battery voltage is above a threshold.

The a r er module translates the com-
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mand to a value for the real actuators, while the
a a er based on the status of the door in-
serts a delay before issuing the command.

We “simulated” the JESTER code by embedding it into

a simple JAVA driver whose main aim was to link in i ure
a data collection and experiment management JAVA li-

brary we developed. The data collected can be manipu-

lated by a regular spreadsheet or stored into a database

for future reference. The simulation results agree with

the specification and make the model amenable for im-

plementation in either HW or SW.
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nEC E a le

In this section, we illustrate the ECL syntax and flow
with an example. The example contains header in-
formation with constants and user-defined data types,
three computation modules, and one top-level module
running the submodules concurrently. One sees imme-
diately in these examples how C-like the language is,
with just a few new key words. We illustrate along the
way the ease with which one can conceive of and spec-
ify inter-module communication by thinking in terms
of the communicating objects (signals), rather than ab-
stract states and transitions. Consider first the type
declarations and the module declaration in igure 4.

The module has two input signals: re e is pure and
thus carries only event presence absence status infor-
mation, and e carries both a status and a value
of type e. The only output signal is a structured
type. ote the use of the C union construct to model
two possible views of the packet, for di erent layers in
the protocol stack.

The module has two local variables, and er.
Initially control passes inside the loop and the a «r
statement. The module then halts waiting for the first
e. It assembles the T bytes, and trans-
mits them to the next stage by means of the
signal. The module is restarted whenever the re e
signal is present, because control is passed from the
a a statement (the only halt point inside the a r
in this case) directly to the end of the outermost for
loop.

The two other computational modules in this design,

he r which reads the input and checks that it has
arrived correctly, and r hdr, which processes the
header information in an input packet, are not shown
here for lack of space. The top-level module in ig-
ure 5 executes all three modules in parallel and con-
nects them with two internal signals, a e r

ote that its only role is to instantiate concurrent mod-
ules. Hence it could be implemented synchronously or
asynchronously.

As already mentioned in Section 2, the behavior of the
two may be di erent in general, e.g., when a re e

signal occurs and is received at the same time by all
modules in the synchronous case, and at di erent times
in the asynchronous case, or when r is false and
the long computation must be aborted.

As a simple example of exploring this kind of trade-o
we compiled the protocol stack example in igure 5
and a simple audio bu er controller from a voice mail
pager design. In both cases we tried two partitions into
tasks: (1) as a single ESTEREL source file, and hence
as a single task (synchronous implementation), and (2)
as three source files, implemented as separate tasks un-
der control of a simple real-time kernel (asynchronous
implementation) [2].

The code and data memory sizes and execution time
for a MI S R 000 processor, in bytes and clock cy-
cles (using a test bench with 500 packets) are shown in
table . In the first example, asynchronous composi-
tion resulted in a larger and slightly slower implemen-
tation, mostly due to the large RTOS overhead with
such a small task granularity. In general, synchronous
implementations tend to be larger and faster than asyn-
chronous ones, as shown by the second example.

Conclu ion

We have presented two language extensions for C and
JAvA for embedded system specification, simulation
and implementation. The two languages JESTER and
ECL build upon the ESTEREL synchronous semantic
foundation that provides support for waiting, concur-
rency and preemption. They nicely support specifica-
tion of mixed control data modules. The compilation
is performed by splitting the source code into reac-
tive ESTEREL code (as large as possible, in the cur-
rent implementation) and data-dominated C or Java
code. The large reactive portion can be robustly opti-
mized and synthesized to either hardware or software,
while the C residual code must be either implemented
in software as is or the user must provide a a hardware
implementation.

JESTER and ECL serve as a bridge between the “high-
level” world of control engineers and theorists and the
“low-level” world of embedded systems, by providing a
clear semantic model (GALS) that can be leveraged to
implement complex control laws in a clearer way. Both
JESTER and ECL have been tested on industry sup-
plied examples and are being developed in close contact
with our industry partners.
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