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1 Introduction

The current report represents the collective initial findings of the consortium forming the
Interreg llla project entitted ModEasy (MOdel Driven dEsign for Automotive Safety
embedded sYstem). It consists of a compound report incorporating material originally
envisaged to comprise three separate reports on model, transformation and verification, the
proposed application domain characteristics and requirements and SystemC, VHDL and
FPGA synthesis. On considering the potential impact of the documentation produced, it was
decided that these three reports would be best presented as a single coherent whole and
the current report is the result of this decision. The overall structure of the document is
designed to reflect the three primary constituent subject areas envisaged in the original
deliverables however.

The ModEasy project seeks to develop software tools and techniques to aid in the
development of reliable microprocessor based electronic (embedded) systems using
advanced development and verification systems. The tools are to be evaluated in practical
domains such as the automotive sector for reactive cruise control and anti-collision radar but
are envisaged to be applicable for generic embedded systems in any safety and mission
critical applications in the wider industrial domain. The project seeks to reduce development
and production costs while maintaining existing high dependability and safety levels as
embedded systems become more complex for many existing and new products across the
Euro-region.

During the initial months of the project, considerable progress has been made in addressing
the above goals and these are summarily documented below. Section 2 presents the
progress achieved on the modelling and verification front and is divided into four sections,
detailing the progress achieved in co-modelling, model driven engineering, investigating UML
2.0 feature enhancements and the implementation of Associations respectively. Each section
introduces the goal of the particular investigation and details the development work achieved
to date. Section 3 develops further ideas which have been examined with regard to
verification techniques. Section 3.1 details the work undertaken with the regard to the
problems and opportunities offered by Activity and Sequence diagrams found in UML while
section 3.3 examines the opportunities offered by synchronous techniques in UML 2.0.
Section 4 diverts the focus onto the problems presented by the simulation and synthesis of
FPGA designs. It contains details of the investigations undertaken into SystemC and VHDL
transformation tools and section 3.2 a survey of related formal verification approaches.
Section 5 concludes the report with a specification of the two primary exemplars to be
employed by the project in Automotive Cruise Control, GPS navigator characteristics and
Anti-collision radar.

As a whole, the report may be taken as representing an overview of the current state of the
art with respect to the topics under investigation and provides an insight into the current
direction in which technology is progressing in addressing the issues under discussion in the
modelling and formal verification of the embedded system development field.
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2 Methodology

1.1 Co-modeling

Because of the vast scope of the encountered problems, of the quick evolution of the
architectures, we observe a very great diversity as regards the programming languages.
Portability of an application from one language to another (a new one for example)
increases the workload of the programmer. This drawback is also true for the development
of embedded applications. It is even worse, because the number of abstraction levels has to
be added to the diversity of the languages. To develop an embedded application, it is
essential to associate a target hardware architecture model to the application specification
model, and to introduce as well a relationship between them.

These two models are practically always different; they are often expressed in two different
languages. From this experience, one can derive some principles for the design of
embedded application development environments:

To refrain from designing programming languages to express the two different models,
application and architecture.

To profit from all the new systems dedicated to simulation or synthesis without having to
reformalize these two models.

To use a single modeling environment possibly supporting a visual specification.
To benefit from standard formats for exchange and storage.

To be able to express transformation rules from model to model. Possibly the transformation
tools could be generated automatically from this expression.

We believe that the Model Driven Architecture [MMO03, Boa0O1] can enable us to design a
new method of system design respecting these principles. Indeed, it is based on the
common UML modeling language to model all kinds of artifacts. The clear separation
between the models and the platforms makes it easy to switch to a new technology while re-
using the old designs.

2.1.1 Y model

The multiplicity of the abstraction levels is appropriate to the modeling approach. The
information is used with a different viewpoint for each abstraction level. This information is
defined only once in a single model. The links or transformation rules between the
abstraction levels permit the re-use of the concepts for a different purpose. In the "Y-chart"
[GK83] approach, three domains are identified:

Functional domain: algorithms, flowcharts, functional components.
Structural domain: processors, memories, busses.

Physical domain: delays, power consumption, hardware resources, real-time and
embedding constraints.

We propose to specify specific informations in each of these three domains. The design
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activities match a successive refinement process between each domain according to
various abstraction levels.

The design flows from the functional domain, to the structural domain, finally to the physical
domain, and so on while going down in the abstraction levels.

The Y-Model consists in the specification of an application, a hardware architecture and in
the successive refinement of the mapping of the application on the architecture. In our MDA-
style approach (Model Driven Architecure, a standard of the Object Management Group),
the successive refinements are done by the way of model transformations: For instance an
application model is associated with a hardware architecture model to produce a new model
of the mapped application. This last model is then transformed into another mapped
application model to allow functional simulation in SystemC, synthesis in VHDL, etc.

The semantics of the different models are expressed at the metamodel level. This
expression of a precise semantic allows to derive transformations of well defined models.
The transformation rules are also defined between metamodels.

This specification environment is based on the following principles:

Component based UML 2.0 profiles (application and architecture)
Definition of the metamodels using the MOF

MOF to MOF transformations

XMl interfaces with existing tools

1.2 Model Driven Engineering

The Model Driven Architecture (MDA) is an approach to IT systems development fostered
by the Object Management Group (OMG). It is based on forming a separation between the
specification of a systems essential functionality as a platform independent model (PIM)
and the realisation of the system using more detailed and specific platform specification
(PSM). MDA is the OMG's version of more general approach to system development that is
comming to be known as Model Driven Development (MDD) or Model Driven Engineering
(MDE). A good overview of the state of the art in MDD can be found in Part Il of [InOp9.1].

As the number of approaches to addressing MDD grows, so too are the number of tools that
claim to support MDD, MDE, MDA or some other variation. Some of these tools try to be
fully fledged MDD environments, and some are simply code generation tools. We feel that
there are at least three categories of MDD tool:

® Code generation tools: These can be considered as a form of compiler; generally
taking a high level system description (e.g. a UML model) and automatically
generating source code for a particular language (e.g. Java, C++, etc). Many UML
tools offer such capabilities, although generally they are not particularly complex
(see [AHMO5]). Tools such as EMF [EMF], KMFstudio [KMF] are more dedicated
to specifically generating code from (UML) models defined in other tools.

® Transformation tools: These tools offer the capability to specify model
transformations and are often (necessarily) closely coupled with a model
specification tool or technique. A compiler is a transformation tool, although a tool
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that is built specifically for transforming from one language to another; in this
respect, a compiler generation tool can be considered as a more general model
transformation tool, although limited to the associated grammar based concepts.
More generic Model based transformation tools are becoming available; spurred
on by the OMG's RFP on QVT [QVT]. Such tools include: MTL Engine (UMLAUT),
Atlas Transformation Language (ATL), MOD-Transf, Generative Model
Transformer (GMT), AndroMDA , UML Model Transformation Tool (UMT), QVT-
Partners Eclipse. A review of these tools and others can be found in [InOp7.3]

® Environments for MDD: The separation point between these tools and more
basic Transformation tools is debatable; however, an MDD environment should
provide means to specify models and transformations, and to have facilities to
manipulating instances of those models and transformations as first class entities.
In general it could be expected that these tools can be tailored or used as the
basis to provide an application based on MDD for a particular purpose. We are
unsure if any tool currently meets these requirements, although a likely candidate
is XMF-Mosaic (Xactium, www.xactium.com).

2.1.2 Design Flow

SoC design covers a lot of different viewpoints including as much the application modeling
by the aggregation of functional components, as the assembly of existing physical
components, as the verification and the simulation of the modeled system, as the synthesis
of a complete end-product integrated into a single chip. As a rule a SoC includes
programmable processors, memory units (data/instruction), interconnection mechanisms
and hardware functional units (Digital Signal Processors, application specific circuits). These
components can be generated for a particular application; they can also be obtained from IP
(Intellectual Property) providers. The ability to re-use software or hardware components is
without any doubt a major asset for a codesign system.

The MDA contributes to express the model transformations which correspond to successive
refinements between the abstraction levels. Metamodeling brings a set of tools which will
enable us to specify our application and hardware architecture models using UML tools, to
reuse functional and physical IPs, to ensure refinements between abstraction levels via
mapping rules, to ensure interoperability between the different abstraction levels used in a
same codesign, and to ensure the opening to other tools, like verification tools, through the
use of standards.

All the previously defined models, application, architecture and association, are platform
independent. No component is associated with an execution, simulation or synthesis
technology.

Once all the components are associated with some technology, the deployment is realized.
The diversity of the technologies requires interoperability between abstraction levels and
simulation/execution languages.

From each of the resulting models we could automatically produce the execution/simulation
code and the interoperability infrastructure by defining mapping rules.
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The simulation results can lead to a refinement of the application, the hardware architecture,
the association or the deployment models.

2.1.3 UML Profile for Real-time and Embedded systems

Among the many kinds of systems targeted at by UML, real-time and embedded systems
have been the object of different proposals. A new request for proposals (RFP) has been
issued, named MARTE (Modelling and Analysis of Real-Time and Embedded Systems),
intended to update the previous UML profile for Schedulability, Peformance and Time (SPT)
to take into account two major new developments within the OMG: the UML profile for
Quality of Service (QoS) and Fault Tolerance, and the new version of UML: UML2.

This profile for Real-Time and Embedded Systems covers (in a non-exclusive way):

- Embedded systems, seen as interconnected devices containing software components as
well as hardware, electronic, mechanical or other components. They are deployed into the
physical environment, and are typically resource limited: hence the balance of functionality
implementation and resource optimization is essential. They are naturally heterogeneous,
distributed, reactive, safety-critical, and constrained in time and consumption.

- Reactive systems, continuously accepting inputs from their environment, which they are
meant to control, or interact with, through the production of outputs. Their behavior is
essentially cyclical: acquiring inputs (e.g. from sensors), computing reaction (possibly
involving heavy data computation, and possibly depending on current local or global state,
defining the current mode of action), and emitting the response (e.g., through actuators).

- Control applications implement control laws by issuing commands to actuators, in function
of the sensor information, so that a convergence is obtained in the controlled process
towards the required values. Regulation or servoing can be done in open-loop (using just
the request as input) or in closed-loop (sensing of intermediate effects is taken into account
in the regulation).

- Intensive data-flow computation is mainly encountered in signal processing (e.g., image
and sound), and can benefit of parallelism for processing, reception, decoding, filtering and
the like. Classically, a phase of systematic signal processing (regular computations) is
followed by intensive data processing (irregular computations depending on values).

The definition of a UML profile for the modelling of these characteristics aims at their
exploitation by specialized tools to facilitate the simulation, analysis and checking,
optimization and implementation of embedded systems. The formalization within one
common standard profile is also meant to improve communication in multi-expertise design
teams inherent to the domain, involving systems, hardware and software engineers.

The integration of the software and hardware aspects into the same profile enables for the
design of transformations based on them, so that an implementation-independent
specification of an application can be combined with a description of the architecture in
order for automated transformations to derive the implementation. The MDA approach
related to UML is typical in that sense, and can serve as a definition framework for the Y-
Model.
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The temporal (behavioral) models of RTES considered cover different aspects:

- asynchronous/causal models are concerned with ordering of activities;

- synchronous/clocked models add the notion of simultaneity, as a discrete set of instants;
this logical time is used in Simulink/Stateflow, synchronous languages, Statecharts, as well
as hardware description languages like VHDL or SystemC;

- real/continuous time, taking durations into account, in the perspective of analysis and for
scheduling.

1.3 New features of UML2.0 to express data flow and control flow
2.1.4 Integrating control in the MDE design flow

A well-advanced ongoing work at INRIA in the DaRT team is the definition of UML2.0
features to represent specifications of data intensive parallel systems, especially from
the point of view of repetitions [CDMBO05]. Another aspect is being studied, in a
complementary way, concerning the control part of applications. In contrast to the
regular part of e.g., signal processing applications [LDB05] [LDBRO05], the control part
involves reacting to events coming from the environment, or from the computations
themselves, and switching between configurations, changing execution modes, going
dynamically from state to state according to a specified behavior.

We are proposing control mechanisms in the framework of ArrayOL and Gaspard, and
consider integrating them in the UML2.0 profile. This involves :

giving semantics to activity states, starting, stopping, changing modes in the
hierarchical and elementary tasks involved in parallel computations;

integrating control issues in the existing constructs, and, according to need,
proposing new language constructs to specify them;

designing transformations to integrate them in the Y model, in order to extract the
model of the control part from an application, to transfer it to analysis and
verification tools, and to make efficient use of the control information along the
transformations from applications, through association, to simulation and
implementations.

2.1.5 Synchronous model of control

Our approach is to make our proposal for control mechanisms in terms of reactive systems,
which are a way of modelling state and event based systems with :

a clear and firm formal semantics, allowing for inambiguous specifications, and for well-
founded analysis and transformation operations;
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a whole technology of design environments, structured specification languages,
compilers with diverse optimizations, analysis and verification tools, and code generation
tools targeting diverse execution platforms.

In particular, we are interested in the synchronous approach to reactive systems design
(http://www.synalp.org) [NH93,NH98]. It gave birth to complete programming environments,
around languages like Argos, Lustre(http://www-verimag.imag.fr/'SYNCHRONE), Esterel
(http://www.inria.fr/recherche/equipes/aoste.en.html), Signal/ Polychrony

(http://www.irisa.fr/espresso/Polychrony), Syndex (http://www-rocq.inria.fr/syndex), Lucid
Synchrone(http://www-spi.lip6.fr/lucid-synchrone) or Mode Automata(http://www-

verimag.imag.fr/PEOPLE/Florence.Maraninchi/MATQU). This approach is characterized by
the fact that it considers cyclic systems whose global steps can, by synchronous
composition, encompass a set of events (known as simultaneous) on the resulting
transition.

A relationship is being made between synchronous languages and models and UML2.0,
[RAS-CAOQ3], in particular in the context of the PROTES project, and the reply to the MARTE
profile RFC. Our work on integrating control will be made in coherence with this work.

2.1.6 Implementing Associations

One primary task within the process of providing MDD based tools is the production and
implementation of models or meta-models (models of models, or the model of a modelling
language ). For instance, to produce our ModEasy toolkit we require meta-models for a
design language, for a verification language, and for any of the implementation frameworks
we intend to map the designs to.

Within the current work, the design and verification support tools are provided within the
Eclipse IDE [IBM] which requires us to implement our models using the Java programming
language [Sun]. The Java programming language is not (and was never intended to be) a
modelling or meta-modelling language. The Object Management Group’s (OMG) [OMG]
Meta Object Facility (MOF) [MOF2] has, however, been designed specifically as a set of
concepts with which to define (or model) other languages. Therefore, in order to best
support our needs to define meta-models of a system design language, verification and
implementation frameworks, we chose to use the MOF as the language for defining those
meta-models. Of course this then leads us to the issue of how to implement models in Java
that are defined using MOF. There are a couple of choices regarding a general
implementation approach,

to implement the models directly in Java (using an approach such as EMF [EMF]),

to implement the models as instances of a meta-model repository (using an
approach such as MDR [MO03]).

Both of these choices have their advantages and drawbacks. Use of a meta-model
repository provides a quick way to provide support for your model. One need only provide a
specification of the model (possibly using XMI [XMI2]) and the meta-model repository can
be used as a repository for instances of your model. Another advantage is that the meta-
repository should easily provide support for serialising and un-serialising instances of your
model in a standard format (again potentially XMI). The drawbacks of this approach are
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efficiency issues introduced by the meta-level objects that represent each of your model
objects, and the consequential reliance on the (probably 3™ party) meta-model repository
itself. This later issue is partially resolved by the standardization of the Java Metadata
Interface (JMI) [JMI] that forms part of the libraries issued with Java 5, which provides a
standard interface for MOF repositories, i.e. JMI (version 1.0) defines a Java mapping for
the MOF (version 1.4).

The direct implementation approach requires a more effort up front (i.e. specifying the
mappings from modelling concepts to programming concepts, as addressed in this paper
[AHMO05]) and the mapping from model instance to serialisation format is not quite as simple
(although it is possible). The advantages of the direct approach are that there is no reliance
on a 3" party library, and if you have control of the code generation templates you can have
complete control of the implementation patterns and hence some control over the efficiency
choices.

Even though it is not desirable practice and a good round trip engineering tool should
reduce the problem, it is still the case that code implementations and design models can
easily become separated. Considering this, it is quite important that any code that is
automatically generated from a model be produced in a way that is easy to understand.
Thus we have two main goals for code generation from models:

1. Readable code.
2. No use of bespoke or 3™ party libraries.

Even though the modelling community has been using MOF and UML [UML2.0] based
languages for several years, and there are a number of tools that generate Java code from
UML models, there are still some significant issues regarding how to implement some of the
concepts (especially due to the introduction of some new ones with the advance to UML
2.0). In particular, one of the major abstractions used in Object Oriented (OO) modelling
languages such as MOF and UML is the concept of an Association. This concept does not
exist in OO programming languages such as Java (or any of the other main stream OO
languages). Consequently, in order to generate code from a UML or MOF model it is
necessary to devise a mapping from Associations on to the chosen OO programming
language.

The concept of an association is a complex abstraction facilitating a variety of specification
variations all of which affect the semantics of the association. There are many modelling
tools that claim to support code generation from UML models; however none of these tools
address the generation of code for the complete set of possible variations to an association
specification. In particular, some tools do not correctly implement the bi-directional
semantics of an association and most do not address generation from the more complex
qualified and n-ary associations. Additionally, the new UML 2.0 set of standards has been
recently released including some new concepts such as redefinition and subsetting which of
course the tools do not yet support. Supporting code generation from UML to Java is made
easier for some of these new features by the changes to the Java programming language
introduced with Java 5.

The paper [AHMO05] focuses on providing solutions to the issues of mapping qualified
associations and the new (UML 2.0) semantic variations of an association into the Java 5
programming language.
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3 Verification techniques

1.4 Verification of state / Activity / Sequence diagram in UML2.0

UML State, Activity and Sequence Diagrams are diagrammatic languages for specifying
system behaviour. To achieve the specification of a reliable system it is important to be able
to verify the behaviour of the system; hence, we are investigating verification techniques for
the behaviour specification languages of UML.

State diagrams are based on the language of Statecharts [H87] and there is a lot of material
addressing the verification of state based behaviour specifications [AD94] and on the
verification of Statecharts and their UML variant [DMY02, GHKO0O].

In earlier versions of UML, Activity diagrams are defined as a special case of State
Diagrams, thus the verification of activity diagrams could be achieved in the same manner
as their base. However, later versions of UML base the semantics of activity diagram more
closely to that of Petri-nets, thus requiring us to look for separate techniques for their
verification.

[GMPO02] Discusses how Model Checking can be used in the context of UML Designs.
Suggesting the use of Sequence diagrams to represent required of non-required
behaviours, checked against a State Diagram description of the system behaviour.

[EWO04] lllustrate a tool and technique for verifying workflow models described using activity
diagrams. The technique maps the activity diagrams to a model checker, thus facilitating
arbitrary propositional requirements to be checked against the workflow specification.
[GLO3] discus and move towards a technique for mapping a complete UML specification into
Petri-nets for the purpose of verification; the technique uses meta-modelling and graph
grammars.

[BCGO4] proposes a methodology for verification of UML diagrams based on graphs and
graph transformations and a temporal graph logic, enabling certain behavioural properties to
be automatically checked.

Verifying Sequence Diagrams is not quite as simple, mainly because a sequence diagram
usually is a partial specification, illustrating a single behavioural path. Sequence diagrams
are based on the language of Message Sequence Charts (MCS) and later versions of UML
incorporate more of the MSC semantics.

[BLO1] suggest an approach involving Lamport diagrams, a linear time temporal logic and
the construction of a Blchi automaton. In [AY99] the authors present a technique for model
checking MCSs and Hierarchical MSC-graphs by construction of an automaton

There are a number of techniques proposed in the literature, but of primary importance is
the level of completeness of the information provided by the diagrams. A Sequence diagram
in particular is a partial specification of behaviour, thus verification of a partial specification is

Modeasy
12 Deliverable D1
November, 2005 Version 5.0



required!
1.5 Verification and FPGAs

3.1.1 Survey of related formal verification approaches

Formal Verification in the context of FPGA design flow often refers to verifying that a final
implementation is functionally equivalent to the higher level RTL design. This is more
specifically referred to as Equivalence Checking. Model Checking is an alternative form of
formal verification, which exhaustively proves a specific property about a specification.

Commercial FPGA support tools tend to support Equivalence checking rather than Model
Checking. Model Checking is still a research exercise, although many useful tools are
available, there is no standard property specification language and it suffers from state
space explosion problems. However, it is a very useful technique and has much potential.

There are a variety of different approaches to verification, summarised by the following
bullets taken from [K05]

By construction - property is inherent.
By verification - property is provable.
By simulation - check behavior for all inputs.
By intuition - property is true. | just know it is.
By assertion - property is true. Wanna make something of it?
By intimidation - Don’t even try to doubt whether it is true
It is generally better to be higher in this list.

Within the context of formal verification we are generally looking at the second of these
points, techniques for proving certain properties. There is a variety of formal specification
languages that can/have be/been used to address the verification of FPGAs: Timed
Automata, Petri-Nets (with timed extensions) and Timed Lotos are three specific languages
that have been used in a number of publications, discussed in more detail below.

3.1.2 Timed Automata

Verification by Timed Automata is often referred to as Model Checking.

“‘Model checking is emerging as a practical tool for automated debugging of complex
reactive systems such as embedded controllers and network protocols. In model checking a
high level description of a system is compared against a logical correctness requirement to
discover inconsistencies. Traditional techniques for model checking do not admit an explicit
modeling of time and are thus unsuitable for analysis of real time systems whose
correctness depends on relative magnitudes of different delays. Consequently, timed
automata [AD94] were introduced as a formal notation to model the behavior of real time
systems. Its definition provides a simple and yet general way to annotate state transition
graphs with timing constraints using finitely many real valued clock variables. Automated
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analysis of timed automata relies on the construction of a finite quotient of the infinite space
of clock valuations. Over the years, the formalism has been extensively studied leading to
many results establishing connections to circuits and logic, and much progress has been
made in developing verification algorithms, heuristics, and tools.” [Alur99]

Timed Automata are widely used as a means to analyse Real Time systems. [MP95]
propose a technique for modelling asynchronous components using TA. [CYD98] use TA to
perform timing analysis of asynchronous circuits illustrating their approach with an example
of an asynchronous differential equation solver; they propose use of an approximating
algorithm [CD97] that uses time separation of events giving much faster analysis results
than a standard algorithm. [TKYBS98] use TA to model gate delays and investigate wire
cross-talk. [CLY04] model real time asynchronous circuits using a Parameterised variation of
TATL

One of the issues with model checking is the state space explosion inherent in large
systems. From a design perspective this can be improved by using hierarchical state
machines. However, to verify properties they are traditionally flattened. There is some work
[AY01] and[BGRO01] that addresses verification of hierarchical SM directly but there are not
as yet any tools available that implement the ideas.

There are a number of tools available that implement Timed Automata based model
checking algorithms: [Uppaal] [Kronos] [HyTech] are three such tools. [AFMPY02] describes
a tool based on Uppaal that is aimed specifically at schedulability analysis of embedded
real-time systems.

3.1.3 Other Techniques for Formal Analysis

Another formal language often used as a basis for formal analysis is the language of Petri
Nets. There is a lot of work at the ESLAB (http://www.ida.liu.se/labs/eslab/publications),
However, to perform model checking on the Petri-net models, they are transformed into
Timed Automata. [AEPO3] [AEP02] [AO1] [AEPO1] [AEPQOOa] [AEPOOb] give detail of their
work.

[NHT96] and [HT99] look at using variation of LOTOS as a means to verify digital logic.
However, the work of [HT99] again requires transformation to Timed Automata and [HT99]
proposes use of Timed Automata as a means to perform the model checking.

3.2 Synchronous techniques in UML2.0

3.2.1 Integrating verification in the Y model

The Y design framework involves a set of transformations, going through different levels of
abstraction and different views of the designs. In this context, different verification
techniques can be integrated at different levels and for different purposes.

Transformations can be checked for their preservation of properties to be kept holding
across the levels in the MDA/E;

Designs can be checked for application specific properties, or the association with an
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architecture can be checked for more implementation-specific properties. This can be
done at different levels of refinement between specification and implementation.

We are particularly interested in behavioral properties of the control part of an application.
They can be analyzed by model-checking tools, with or without quantitative time. An
alternative possibility is to consider, for the same class of automata-based models, to use
more constructive techniques like discrete controller synthesis.

Technically, this involves extracting a model of the control, in terms of labeled transition
systems : this can be done by a transformation from the application model towards a
synchronous automaton model. Such models can then be used by the synchronous toolset,
functionalities of which are sketched below.

3.2.2 Synchronous tools

The synchronous approach proposes formal methods in a very integrated way. Generally
speaking, formal methods are often used for analysis and verification; they are much less
often integrated in the compilation or generation of executives (in the sense of executables
of tasks combined with the host real-time operating system). They are notoriously difficult to
use by end-users, who are usually specialists in the application domain, not in formal
techniques. This is why encapsulating formal techniques in an automated framework can
dramatically improve their diffusion, acceptance, and hence impact.

Synchronous techniques do this by covering a complete range of design support :
compilers, which are providing for:
analysis of the coherence of specification w.r.t. to synchronizations,

transformations from more or less declarative specifications to more operational or
implementation-oriented forms,

generation of code towards different targets, software (C, VHDL) or hardware (FPGA).
analysis and verification tools

simulation,

model-cheking,

discrete controller synthesis,

profiling/performance analysis, ...
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4 Simulation and synthesis of FPGA
1.6 Observation of IP Interface standard development (Spirit project)

1.7 Investigation into SystemC to VHDL transformation tools

SystemC is a worldwide standard for modeling hardware and software systems using the
C/C++ language with a library for hardware constructs.

For those who decide to use SystemC as an implementation language, the biggest issue
appears to be the lack of a real offer of synthesizers taking SystemC as an entry.

There are a number of various SystemC to VHDL transformation tools existing on the
market. Thus, SystemC design flow can be seamlessly linked to the backend flow in order to
take advantage of existing HDL synthesizers.

The most important features of the synthesizable SystemC subset are the following:

Hierarchical modules

Loops (for, while)

Template SystemC modules

Member functions

Conditional (if, switch)

Enumeration

Static type conversion

Constructor functions

Array (ports, signals, member variables, sub-modules)

Some of the most popular transformation tools are described next.
Cynthesizer (Forte):

Cynthesizer first translates behavioural SystemC to RTL SystemC, and then it translates
RTL SystemC to VHDL/Verilog RTL for logic synthesis. Beyond this, it automatically creates
multiple RTL implementations and optimizes them according to designer-specified
constraints. Forte claims that their quality of results exceeds hand-coded design, specifically
with timing and area optimization.

Prosilog SystemC Compiler:

This compiler offers the industry’s largest synthesizable SystemC subset. The code
generated by Prosilog is fully commented and accessible. It is totally integrated in the
Microsoft Visual Studio C++ IDE.

CoCentric SystemC Compiler:
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It offers a fast and high quality path from a system level hardware description coded in
SystemC to gates or synthesizable RTL description.

1.8 Survey of SystemC and VHDL design flow for embedded system
development with FPGA

There are two possible SystemC design flows: either a single language flow from SystemC
to the logic gates implementation or a mixed language flow from SystemC down to RTL
SystemC and then RTL SystemC is translated to the equivalent model into VHDL or Verilog.

The mixed language design flow is less time consuming, more efficient and more reliable.

The first advantage of this methodology is that the design process language remains the
same from behavioural to RTL level, thus refinement down to RTL SystemC becomes easier
and consequently the errors due to language translation can be avoided.

Another advantage is brought by the SystemC to HDL translator offering the possibility to
automatically translate the RTL SystemC code into VHDL language. Thus, the SystemC
code remains the only one that must be maintained.

For the verification steps, the present design flow allows to reuse the same test bench for
the behavioural model, the SystemC RTL model and the translated HDL model (using
SystemC-VHDL cosimulator).

In order to start the RTL refinement phase, a compiler can be launched on the behavioural
model to identify which of its code elements are not synthesizable and to modify it to obtain
a synthesizable model.

When the synthesizable model is available, it is necessary to verify that its functional
behaviour is the same as the one of the behavioural model. To do this a verification project
has to be carried out to compare two models.

After the RTL SystemC model has been approved it can be translated into VHDL language,
which can then be used for the prototype synthesis on FPGA.

FPGA Design flow can be described as follows:

Digital designs are entered as schematics or VHDL code. A design can be described
using just one or a mixture of these methods.

A functional simulator checks the operation of the compiled design and inspects
errors.

Implementation tools compile the list of gates and connections, or netlist, into a
bitstream which is used to program an FPGA. For some devices, the implementation
requires mapping the circuit to the FPGA architecture, placing the gates in specific
CLBs, and then routing the wires using the programmable switch matrices.

A timing simulation of the design can be run after implementation tools have

determined the gate and routing delays associated with a particular mapping to an
FPGA architecture.
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The bitstream is downloaded into the device.
Debugging is performed by forcing inputs into the circuit board and observing the
response.

5 Applications

1.9 GPS navigator application

The GPS navigator application concerns an automotive system of Intelligent Cruise Control,
which aim is to help control the car speed depending on the limitations, which in turn depend
on location of the car, given by a GPS.

It operates in different modes, where it can be informing the driver by emitting an alarm
when the speed is exceeding limitation, or limiting the speed by forbidding to exceed the
limitation (unless the driver really needs to, by kicking down the accelerator), or cruising in
automatic mode at a given speed (which is deactivated by the brake). Special modes
involve the GPS and a map to provide the limit speed or the cruising speed according to the
limitations on the road where the car is located.

This system combines both control and data processing. The purpose of the case study is to
illustrate and validate our methodological approach regarding separation of control and data
aspects in the specification, as well as in the verification of the system.

In this project, a complete GPS navigator system will be used in order to inform the driver
about the permitted speed in the concerned area. This system will alert the driver if the
vehicle speed is above the speed limit on the road. Many research projects have been
focused on this kind of navigator (LAVIA project, ISA project, INFATI project ...). However,
the ModEasy project still be different from all these projects especially concerning the
following principles :

- The classification of the detected area located by the GPS.

- The association with the anti-collision radar (speed will depend on the limited speed
and also the security speed indicated by the radar).

- Aglobal UML model for the whole navigation system
- AReal time FPGA unit integrating the GPS and the radar decisions.

The study has analysed the existing commercial GPS system. This type of system will be
completed by a real time algorithm which indicates the limit speed on the detected area.
Then an original partition of the area into zones into limit has been proposed. To increase
the security, the system to realise will take account also of the limit speed on the following
area. The change of the speed will be done progressively and avoid disagreement to the
driver.

The future works concern the implementation of the GPS navigator algorithm and the first
test in real conditions. The next studies will be oriented to the radar and GPS information
association.
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1.10 Anti-collision radar specifications

The principle of a conventional RADAR system is to send a modulated
microwave towards possible targets. If a target is within the range of the radar, it
reflects a part of the transmitted wave to the receiver. Using the corresponding
delay, we can compute the distance between the target and the radar. As several
collision warning radar systems will come on the automotive market, and as some
manufacturers plans to propose radar systems on board, researches are still carried
out for a radar system that could avoid most longitudinal collision [RDAR99].

Vb Radar signal v,

Figure 5.1 : The collision avoidance radar principle

The obtained distance is used to compute the safety distance as described by
the following :

+ VT, + M

Many studies have been focused for a long time on road collision avoidance
RADAR system. The classical radars are the FMCW (Frequency Modulated
Continuous Wave) radar and the pulsed radar. The first type is mainly used for road
applications but is enable to detect large ranges due to the limitation of the
transmitted power. The second type of radar is very simple to implement and send
periodically a short duration pulse. However this radar couldn’t detect small range. In
fact, during the pulse transmission the radar is blind.

In the OAE department of the IEMN, many systems based on these two radars have
been proposed. Then interesting tests have been realized using the corresponding
mock-up in real conditions and with the INRETS-LEOST collaboration. The FMCW
radar did not detect ranges upper then 60 m. The pulsed radar is enable to detect
ranges under 30 m. Finally a bimodal radar has been implemented by the
association of the two radars at the same system. An adapted decision unit gives the
pertinent distances values between these calculated by the two sensors [RDAR99].
The covered range interval is very interesting and allows a perfect security.
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However the proposed system is very encumbering. Then, in other approach we
suggest an original kind of signal coding and processing in order to meet the sensor
requirement of low emitting power with high detection and high range covering with
good resolution.

The originality of the method resides in the use of numerical coding waveforms
based on pseudo-random sequences (PRS). The receiver could use correlation
receiver or other advanced detection algorithms [DM99], [FRDHO00] and [RAHRB98].

The first radar mock-up uses a numerical correlation receiver. This receiver is
studied in terms of Signal to Noise Ratio (SNR) enhancement. Thanks to a Digital
Signal Processor (DSP), a numerical correlation receiver has been implemented on
a pulsed microwave radar prototype emitting pseudo random sequences.

This receiver is known to be an optimal receiver because its Signal to Noise Ratio
gain is the maximum value that could be reached in a receiver. Correlation or
matched filter are widely used in communication and positioning systems (GPS)
since they have the ability to detect coded signals buried in noise and to reveal a
shift in phase between two signals. Therefore, it is a good idea to use PRS and a
correlation receiver in a radar front end, since the radar aim is to detect the time shift
between an emitted signal and its echo, in order to deduce the distance to the
obstacle who generated it.

The new proposed system is called correlation radar. The principle of this radar
system is to generate a random pseudo code (a signal which seems random if it is
observed over a short duration, but which is repeated identically at each period)
[RABH98]. This pseudo-random code modulates a microwave carrier and is
transmitted towards the potential targets. After reflection on an obstacle, the return
wave is demodulated and processed. The treatment consists in calculating the
correlation between the emitted code and the signal it receives. The maximum of
this correlation is detected, and the corresponding time position is noted n. Knowing
the speed of the wave (3.10° m/s), the distance from the target can be deduced
using the formula:

D=n.c/2f where D is the distance to the target and f the RADAR code
frequency.

This peak is the equivalent of the impulsion in the classic radar system.

The constant emission of the code as in continuous wave radar systems enables to
have a lower peak power signal at the radar front end for a given average power.
Our correlation receiver performs cyclic correlation between the received samples
and the emitted ones (Figure 5.1). Samples are taken for one full period of the
signal, one sample per bit, hence covering a full PRS period of the emitted code.
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yr(k) = ARcce(k)
r(i) = Ac(i)+ n(i) z(i) 1 N-1 + Ren(K)
— z(i)
N -0
c(i-k)
s(t) = c(t) ys(k) = ARce(K) yn(k) = Ren(k)

Figure 5-3-1 : principle of the numerical correlation receiver

The discrete outputs y. of the correlation receiver are given by equation (1), in which
we add each product of the received sample r(i) by the reference sample c(i)
cyclically shifted.

N 1
v R (8 ]lv ()i k) for k=0,1,... N-1 (1)
i0
The difference is modulo N, N being the number of samples of both signals. Cyclic
Correlation can then be performed numerically the same way as a FIR filter is
implemented. Because the system is linear, R(k) can be split as:

y(k) R (k) AR (k) R, (k) (2)

in which R is the autocorrelation of the reference signal c(i) and R., is the cross
correlation between the noise and the reference signal. If the received signal is the
emitted one attenuated and delayed in time with added noise, the receiver output
will likely be the autocorrelation function of the coding sequence shifted accordingly.

For a radar application, the coding sequence should be chosen with a maximum value of the
autocorrelation function at the origin and with weak sidelobes. We also have to take into
account the fact that the sequences should be orthogonal (i. e. with null intercorrelation
between them) to avoid interferences between different coding sequences. The family of
PRS code was chosen because it satisfies the above requirements. Its autocorrelation
function is presented on Figure 2 for a length N=127 bits bipolar code taking —A and A
values. The result is equal to A at the origin and -A/N elsewhere, which gives us a 42 dB
dynamic.

Because the system is linear, if several echoes are received, the output of the receiver will
show several peaks accordingly, which permits us to detect more than one obstacle
simultaneously, each distance from them given by the delay of the peak.
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Figure 5-2 : autocorrelation function of a 127 bit PRS

The receiver presented on figure 1 has been studied in terms of Signal to Noise
Ratio (SNR) enhancement [RDAR99]. We can notice that the receiver's SNR gain
only depends on the length of the PRS used. The longer the code is, the better the
SNR gain is, but also the heavier the computation level is.

5.1.1 Experimental Radar Prototype

We have implemented a PRS generator and a correlation based receiver on a 76_77 GHz
pulsed microwave radar prototype (Fig 3). The length of the PRS is N=1023 clocked at 100
MHz. Modulation of a 76 GHz carrier is performed with the PRS, and this signal is emitted
continuously.

At reception, demodulation is performed on the reflected signal. The baseband
signal is then treated by the FPGA based numerical correlation board. The signal is
sampled at a 100 MHz clock rate in order to get a full period (1023 samples) of the
received signal.
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Figure 5-3 : The radar system bloc-diagram

The correlation should be computed by the FPGA between these samples and the
reference signal coefficients (emitted PRS) stored in its program memory. The result
is sent on a computer via a serial link. The result is displayed in real time through a
window-based program. The computation time for the correlation is about 1
millisecond, which permits us to have a real time detection of echoes. Every result
exceeding a given threshold is considered as a detected obstacle. Distances are
easily computed, since a peak give the delay T between received and transmitted
signal.

Several tests have been carried out on stationary targets with the prototype
equipped with a narrow beam parabolic antenna. Since the SNR enhancement of
the receiver is about 42 dB, we achieved the detection of weak echo even if they
were buried below the ambient noise [DLGRO05].

Figure 5.3 shows the correlation receiver output for an obstacle placed at 32 meters
from the radar. The first 64 distance gates are not represented because they cover
the range from 150 to 300 meters. The results are promising and in good
accordance with the expected ones. We achieved unambiguous detection of a
square meter panel, with a good SNR.

Thanks to the recent progress in speed of digital signal processor technologies, we
can achieve a real time detection of obstacles with a resolution of almost 2 meters.
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5.1.2 Conclusion

This concept of correlation receiver based RADAR is thus interesting. It makes
possible to measure significant distances, between road vehicles, using only a low
power. We will continue to work on this prototype in order to improve its
performances of detection. For example, we can increase the frequency of the base
band signal in order to increase the precision of the system.

The correlation receiver performs good detection only in AWGN (additive white
gaussian noise) channel assumptions. In other conditions (non gaussian and non
stationary noise), the only correlation receiver seems to be enable to detect noisy
signal [RDER01] and [RRDEO4]. Thus we have to use other detectors using new
signal processing tools, such as wavelets or higher order statistics, or to test new
electronic technologies like FPGA (Field Programmable Gate Array), in order to
improve the integration and to reduce the calculation time of the system.

PRESENTATION OF THE CODE FAMILIES AND THEIR CORRELATION PROPERTIES

An interesting study have been realized to give comparison between the possible codes
families.

The concerning codes are presented in this section. Table 1 introduces their characteristics.
This table shows their numbers, their length and the maximum of their crosscorrelation.

These sequences look like noise and so have a spread spectrum. The selected codes have
the same length: 2"-1 [RDERO1]. The pseudo-random sequences have two correlation
levels: an autocorrelation peak and a low level only for the crosscorrelation.

The families are: the MLFSR (Maximum Length Feedback Shift Registers) [DLGRO05],
[RRDEO04] used as a reference, the Gold codes and the Kasami codes that are available in a
very large amount.

Family Period n Size of family | Maximum autocorrelation | Maximum crosscorrelation
Gold 2"-1 |4™+2,2™+1 2"+1 2"1 212 41
Kasami (large set)| 2"-1 4"+2 2" (2"+1) 2"-1 (22 4 g
MLFSR 2"-1 | 2", 2™+1 |function of length 2"-1 2"’ +1

Table 1: Codes families and their correlation properties.

The Kasami codes exhibit the same performances as the other codes family. They behave
as the Gold codes, the better detection probability obtained with the largest user's amount.
As there are 500 more Kasami codes than MLFSR they are the solution we will use in this
system. During all our study we called the used codes PRS (Pseudo-Random-Sequences).
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