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Abstract

The explosive growth of embedded electronics is bringing information
and control systems of increasing complexity to every aspects of our
lives. The most challenging designs are safety-critical systems, such
as transportation systems (e.g., airplanes, cars, and trains), industrial
plants and health care monitoring. The difficulties reside in accom-
modating constraints both on functionality and implementation. The
correct behavior must be guaranteed under diverse states of the envi-
ronment and potential failures; implementation has to meet cost, size,
and power consumption requirements. The design is therefore subject to
extensive mathematical analysis and simulation. However, traditional
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models of information systems do not interface well to the continuous
evolving nature of the environment in which these devices operate.
Thus, in practice, different mathematical representations have to be
mixed to analyze the overall behavior of the system. Hybrid systems
are a particular class of mixed models that focus on the combination
of discrete and continuous subsystems. There is a wealth of tools and
languages that have been proposed over the years to handle hybrid
systems. However, each tool makes different assumptions on the envi-
ronment, resulting in somewhat different notions of hybrid system. This
makes it difficult to share information among tools. Thus, the commu-
nity cannot maximally leverage the substantial amount of work that has
been directed to this important topic. In this paper, we review and com-
pare hybrid system tools by highlighting their differences in terms of
their underlying semantics, expressive power and mathematical mech-
anisms. We conclude our review with a comparative summary, which
suggests the need for a unifying approach to hybrid systems design. As
a step in this direction, we make the case for a semantic-aware inter-
change format, which would enable the use of joint techniques, make a
formal comparison between different approaches possible, and facilitate
exporting and importing design representations.
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Introduction

With the rapid advances in implementation technology, designers are
given the opportunity of building systems whose complexity far exceeds
the increase in rate of productivity afforded by traditional design
paradigms. Design time has thus become the bottleneck for bringing
new products to market. The most challenging designs are in the area of
safety-critical embedded systems, such as the ones used to control the
behavior of transportation systems (e.g., airplanes, cars, and trains) or
industrial plants. The difficulties reside in accommodating constraints
both on functionality and implementation. Functionality has to guar-
antee correct behavior under diverse states of the environment and
potential failures; implementation has to meet cost, size, and power
consumption requirements.

When designing embedded systems of this kind, it is essential to take
all effects, including the interaction between environment (plant to be
controlled) and design (digital controller) into consideration. This calls
for methods that can deal with heterogeneous components exhibiting
a variety of different behaviors. For example, digital controllers can
be represented mathematically as discrete event systems, while plants
are mostly represented by continuous time systems whose behavior is

1
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2 Introduction

captured by partial or ordinary differential equations. In addition, the
complexity of the plants is such that representing them at the detailed
level is often impractical or even impossible. To cope with this com-
plexity, abstraction is a very powerful method. Abstraction consists in
eliminating details that do not affect the behavior of the system that we
may be interested in. In both cases, different mathematical representa-
tions have to be mixed to analyze the overall behavior of the controlled
system.

There are many difficulties in mixing different mathematical
domains. In primis, the very meaning of interaction may be challenged.
In fact, when heterogeneous systems are interfaced, interface variables
are defined in different mathematical domains that may be incompat-
ible. This aspect makes verification and synthesis impossible, unless a
careful analysis of the interaction semantics is carried out.

In general, pragmatic solutions precede rigorous approaches to the
solution of engineering problems. This case is no exception. Academic
institutions and private software companies started developing com-
putational tools for the simulation, analysis, and implementation of
control systems (e.g., Simulink, Stateflow and Matlab from The
Mathworks), by first deploying common sense reasoning and then try-
ing a formalization of the basic principles. These approaches focused on
a particular class of heterogeneous systems: systems featuring the com-
bination of discrete-event and continuous-time subsystems. Recently,
these systems have been the subject of intense research by the aca-
demic community because of the interesting theoretical problems aris-
ing from their design and analysis as well as of the relevance in
practical applications [2, 92, 133]. These systems are called hybrid
systems [12, 14, 17, 18, 19, 20, 63, 80, 98, 131, 132, 134, 140, 163, 168].

Hybrid systems have proven to be powerful design representations
for system-level design. While Simulink, Stateflow and Matlab

together provide excellent practical modeling and simulation capability
for the design capture and the functional verification via simulation of
embedded systems, there is a need for a more rigorous and domain-
specific analysis as well as for methods to refine a high-level description
into an implementation. There is a wealth of tools and languages that
have been proposed over the years to handle hybrid systems. Each tool
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3

or language is based on somewhat different notions of hybrid systems
and on assumptions that make a fair comparison difficult. In addition,
sharing information among tools is almost impossible at this time, so
that the community cannot leverage maximally the substantial amount
of work that has been directed to this important topic.

In this survey, we collected data on available languages, formalism
and tools that have been proposed in the past years for the design and
verification of hybrid systems. We review and compare these tools by
highlighting their differences in the underlying semantics, expressive
power and solution mechanisms. Table 1.1 lists tools and languages
reviewed in this survey with information on the institution that sup-
ports the development of each project as well as pointers to the corre-
sponding web site1 and to some relevant publications.

The tools are covered in two main sections: one dedicated to
simulation-centric tools including commercial offerings, one dedicated
to formal verification-centric tools. The simulation-centric tools are the
most popular among designers as they pose the least number of con-
straints on the systems to be analyzed. On the other hand, their seman-
tics are too general to be amenable to formal analysis or synthesis.
Tools based on restricted expressiveness of the description languages
(see, for example, the synthesizable subset of RTL languages as a way
of allowing tools to operate on a more formal way that may yield sub-
stantial productivity gains) do have an appeal as they may be the ones
to provide the competitive edge in terms of quality of results and cost
for obtaining them. The essence is to balance the gains in analysis and
synthesis power versus the loss of expressive power.

We organized each section describing a tool in

(1) a brief introduction to present the tool capabilities, the
organizations supporting it and how to obtain the code;

1 George Pappas research group at the Univ. of Pennsylvania is maintaining a WikiWiki-

Web site at http://wiki.grasp.upenn.edu/ graspdoc/hst/ whose objective is to serve as a
community depository for software tools that have been developed for modeling, verifying,
and designing hybrid and embedded control systems. It provides an “evolving” point of

reference for the research community as well as potential users of all available technology
and it maintains updated links to online resources for most of the tools listed on Table 1.1.
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5

(2) a section describing the syntax of the language that describes
the system to be analyzed;

(3) a section describing the semantics of the language;
(4) the application of the language and tool to two examples that

have been selected to expose its most interesting features;
(5) a discussion on its pros and cons.

In the last part of the survey we provide a comparative summary
of the hybrid system tools that we have presented. The resulting land-
scape appears rather fragmented. This suggests the need for a unifying
approach to hybrid systems design. As a step in this direction, we make
the case for a semantic-aware interchange format. Today, re-modeling
the system in another tool’s modeling language, when (at all) possible,
requires substantial manual effort and maintaining consistency between
models is error-prone and difficult in the absence of tool support. The
interchange format, instead, would enable the use of joint techniques,
make a formal comparison between different approaches possible, and
facilitate exporting and importing design representations. The pop-
ularity of Matlab, Simulink, and Stateflow implies that signifi-
cant effort has already been invested in creating a large model-base
in Simulink/Stateflow. It is desirable that application developers
take advantage of this effort without foregoing the capabilities of their
own analysis and synthesis tools. We believe that the future will be in
automated semantic translators that, for instance, can interface with
and translate the Simulink/Stateflow models into the models of
different analysis and synthesis tools.

Survey organization. In Section 2, we lay the foundation for
the analysis. In particular, we review the formal mathematical def-
inition of hybrid systems (Section 2.1) and we define two examples
(Section 2.2), a system of three point masses and a full wave rectifier,
which will be used to compare and explain the tools and languages
presented in this survey. In Section 3 we introduce and discuss the
most relevant tools for simulation and design of hybrid and embed-
ded systems. With respect to the industrial offering, we present the
Simulink/Stateflow design environment, the Modelica language,
and the modeling and simulation tool Dymola based on it. Among the

Full text available at: http://dx.doi.org/10.1561/1000000001



6 Introduction

academic tools, we summarize the essential features of Scicos, Shift,
HyVisual and Charon, a tool that is the bridge between the simula-
tion tools and the formal verification tools as it supports both (although
the verification component of Charon is not publicly available). In
Section 4, we focus on tools for formal verification of hybrid systems.
In particular, we discuss HyTech, PHAVer, HSolver, Masaccio,
CheckMate, d/dt and Hysdel. The last two can also be used to syn-
thesize a controller that governs the behavior of the system to follow
desired patterns. We also summarize briefly tools based on the ellip-
soidal calculus like Ellipsoidal Toolbox. In Section 5 we give a
comparative summary of the design approaches, languages, and tools
presented throughout this survey. To end in Section 6, we offer a dis-
cussion and a plan on the issues surrounding the construction of the
interchange format.
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