Towards an Architecture-Centric Approach
dedicated to Model-Based Virtual Integration
for Embedded Software Systems

Huafeng Yu', Jean-Pierre Talpin?, Sandeep Shukla®,
Prachi Joshi®, and Shinichi Shiraishi'

1 TOYOTA InfoTechnology Center, U.S.A.
465 N Bernardo Avenue, Mountain View, CA 94043, U.S.A.
huafeng.yu@us.toyota-itc.com
2 INRIA Rennes - Bretagne Atlantique,
Campus de Beaulieu, 263 Avenue Général Leclerc, 35042 Rennes, France
3 Virginia Polytechnic Institute and State University
Falls Church Campus, 7054 Haycock Rd., Falls Church, VA 22043, USA

Abstract. Current embedded systems are increasingly more complex
and heterogeneous, but they are expected to be more safe, reliable and
adaptive. In consideration of all these aspects, their design is always a
great challenge. Developing these systems with conventional design ap-
proaches and programming methods turns out to be difficult. In this
paper, we mainly present the informative background and the general
idea of an ongoing yet young research project, including the model-
based design and an architecture-centric approach, to address previous
challenges. Our idea adopts a formal-methods-based model integration
approach, dedicated to architecture-centric virtual integration for em-
bedded software systems, in an early design phase. We thus expect to
improve and enhance Correct By Construction in the design. The consid-
ered formal methods consist of timing specification, design by contracts,
and semantics interoperability for models to be integrated in the system.
The application domains of our approach include automotive and avionic
systems.
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1 Introduction

Current embedded systems are increasingly more complex and heterogeneous,
but they are expected to be more safe, reliable and adaptive [8] [16]. In consid-
eration of all these aspects, their design is always a great challenge. Complexity
in the design and implementation is a common issue for current avionic and
automotive systems. In the current system design, verification and validation
(V&V) is also a key concern, particularly for safety-critical systems. These sys-
tems generally require great V&V effort to avoid unexpected system behavior.



Moreover, the design is expected to be validated as early as possible due to the
huge cost of correction in the late-phase implementation. Design validation in
an early phase has become one of the key solutions to reduce the overall V&V
cost.

In this paper, we mainly present the informative background and the gen-
eral idea of an ongoing yet young research project, including the model-based
design and an architecture-centric approach, to address previous challenges. Our
idea adopts an formal-methods-based model integration approach, dedicated to
architecture-centric virtual integration for embedded software systems, in an
early design phase. By applying formal methods in an early design phase, we
expect to improve and enhance correct by construction. The formal methods to
be considered consist of timing specification, design by contracts, and seman-
tics interoperability for models to be integrated in the system. The application
domain of our approach include avionic and automotive systems.

2 Research Challenges

High-level modeling has been widely adopted as a promising solution to ad-
dress the system complexity issue [33]. High-level modeling languages, such
as UML[27], SysML[1] and MARTE[26], have been widely adopted, thanks to
its standardization for modeling. AUTOSAR]2] and EAST-ADLI9] are domain-
specific languages for automotive systems. AADL[32] (Architecture Analysis and
Design Language) is an SAE standard dedicated to architecture description and
modeling for avionic and automotive systems. AADL provides an industry stan-
dard, textual and graphic notation with precise semantics to model applica-
tions and execution platforms and is supported by commercial and open source
tool solutions—including Open Source AADL Tool Environment (OSATE) [28].
Matlab/Simulink[21] is a dataflow language for modeling, simulating and analyz-
ing dynamic systems. Modelica[23] is an object-oriented modeling language for
component-based complex systems. These high-level languages enables domain
specific modeling and analysis of complex embedded systems. SCADE [12] is
an integrated design environment dedicated to rigorous design of safety-critical
systems|[4].

Multi-paradigm modeling

All the languages mentioned previously are considered as candidate languages
in high-level modeling for embedded systems. Multi-languages can be used in
the same design because of system modeling from different views, for example,
software, architecture, etc.; and different purposes, such as analysis, verification,
and evaluation. Furthermore, different languages may adopt different formalism,
e.g., state machines, dataflow, communicating sequential processes, differential
equations, as backstage support. So the first challenge at the modeling language
level is how to harmonize multiple paradigm modeling [24] [25] in the same



design, particularly, when we consider a reliable integration followed by using
formal techniques for analysis and V&V at the system level.

An avionic co-modeling example. Co-modeling for the system-level de-
sign has been explored in [37] [36], where AADL was used to model the archi-
tecture part and Simulink was used to model the behavior part of an avionic
case study, called simplified Airbus A350 doors management system. However,
semantic difference of the two models makes the integration problematic. In or-
der to have a clear and unambiguous integration, a formal model of computation
(MoC), called Polychrony [17], was adopted as an intermediate model. This MoC
is based on the synchronous/polychronous timing semantics. The later formal
analysis, verification, and scheduling were mainly performed on the basis of the
same MoC.

Integration frameworks

In Polychrony, the integration is performed at the polychronous MoC level[36].
Polychrony provides model transformations from AADL and Simulink (via Ge-
neAuto[35]) to the polychronous MoC. In order to keep the semantics coherent,
both AADL and Simulink models adopt the polychronous semantics. Based on
the same polychronous semantics, the composed model can used for analysis,
verification, and simulation or be translated into other formal models for formal
verification and scheduling. So in this integration scheme, the core polychronous
model provides formal semantics support and its environment provides tool con-
nection. Model-based system integration has also been discussed in [34] with
regard to cyber-physical systems, [6] for tool integration platform, [31] based
on SOA (Service of Architecture), [10] for heterogeneous models integration,
and [29] for real-time software engineering. AUTOSAR|[2] aims at component-
level integration for automotive systems. System Architecture Virtual Integra-
tion (SAVI) program [30] [13] aims at creating an architecture-centric model
repository to support analysis of virtually integrated system models related to
performance, safety, and reliability, and so on. It also enables to discover system-
level faults at the early design phase, thus reduce risk, cost, and development
time.

3 A Model-Based Architecture-Centric Virtual
Integration Framework

Based on the previous exploration of design issues and the state of the art of
solutions in research, we find an architecture-centric model-based integration
framework is necessary for the next-generation design of automotive software
systems. The framework is expected to provide the following advantages: reliable
model integration, fast and early-phase design validation, architecture optimiza-
tion enabling, easy access to current matured software development tools and
environment, etc. With this objective in mind, we first propose a model-based



architecture-centric virtual integration approach, in the framework of model-
based systems engineering [11], for the design of next-generation automotive
systems. This approach is involved in mostly correct by construction technolo-
gies, rather than a posteriori Verification € Validation in the implementation
phase. We adopt different modeling languages with regards to different views
of the system, for example, AADL for architecture modeling and Simulink for
behavioral modeling, etc. The main research topics in the project include: tim-
ing specification [5], design by contracts and semantics interoperability for the
purpose of a reliable model integration, which are explained in the following
subsections.

Timing specification

With all the concerns in the embedded system design, timing is one of the most
significant ones. In general, the timing issue becomes more explicit when ar-
chitecture is considered and the system is integrated, due to the gap between
software and architecture design. In our project, we consider high-level, formal-
ized timing constraints to be defined, observed and analyzed based on software
architecture, specified in AADL. From this point of view, an architecture cen-
tric approach is adopted for the model integration in our project. Considering
abstraction in the system design, we advocate the modeling of synchrony and
time as software and hardware events, which are related to synchronization in
an architecture specification. Compared to real time, synchronous logical time,
applied on both software and architecture, provides an algebraic framework in
which both event-driven and time-triggered execution policies can be specified.

In the framework of our project, we define the semantics and algebra with
regard to logical timing constraints and specification, and support the submis-
sion of a timing-related annex to the SAE standard AADL[32]. This annex will
define a synchronous and timed specification framework to formally model time
domains pertaining to the design of embedded architectures, including the speci-
fications of automotive software architectures. The behavior annex of AADL are
considered as the vehicle to implement this model, together with a timing annex
(TA), as a mean to represent abstractions of these behavior annexes using clock
constraints and regular expressions.

Design by contract

Design by contract [22] [15] is also adopted in our approach in the project.
Contracts play a significant role in the safe and reliable model integration in our
approach. We first analyze high-level requirements from automotive or avionic
systems, from which formalizable requirements are then extracted according to
the technical formalizability and verifiability. These requirements are expressed
in formal languages so that they can be used to build the contracts for the
integration of models that implement corresponding functionality. The contracts
are expected to consider different criteria for safety, performance, cost, timing
constraints, and so on. A mathematical framework will then be built to define the



composition of these models, together with the contracts on them, in a formal
way. The contracts and their associated models will be checked by modeling
checking technologies [14] [19] [7] .

Semantics interoperability

One of the main issues in the composition of models is semantics difference
between heterogeneous models and different formalism. One of the feasible solu-
tions to this issue is to have a common model as the intermediate formal model,
and all other models are translated into the common model. An example can
be found in [37]. The intermediate model provides the formal semantics, based
on which, expected properties of the original models and their integration are
checked. However, this requires a semantics preservation in the model transla-
tion, which is not practical in most cases. Another solution is related to formal
semantics interoperability. Some work can be found in [3] [20], [18]. Our current
research topic is focusing on the study of differences between the models, which
can lead to issues in the model translations, from the point of view of model se-
mantics, particularly timing semantics and operational semantics. The expected
result of this research is intended to provide a foundation of the previous two
research topics.

4 Conclusion

In this position paper, we have presented several important issues in current
system design related to embedded systems, such as multi-paradigm modeling,
integration framework, and formal semantics issues. A brief survey of corre-
sponding research topics was also presented. We, hence, propose a model-based
architecture-centric integration approach, considering timing specification, de-
sign by contract and semantics interoperability as main topics of research. Based
on these research, a model-based integration framework is expected to be built,
which is dedicated to model-based systems engineering for next-generation au-
tomotive systems.
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