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Abstract—Real-time and embedded systems (RTES) have become a necessity in almost every aspect of
our daily live. These systems are characterized by their complexity due to the integration of several
hardware and software components, and their extreme need of reliability because they are usually used in
safety and critical missions. These issues have been for a long time a major concern of researchers,
practitioners and engineers, and have pushed them to develop rigorous methodologies and well-defined
processes for the design and validation of RTES. This paper presents a unified approach to model and
analyze real-time embedded systems using MARTE/UML profile to take care of both software and
hardware aspects of the system being developed. The proposed approach follows the general guidelines
and principles of platform-based design (PBD). An example is used to illustrate our contribution.
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1. Introduction
Real-time and embedded systems (RTES) have become a necessity in almost every
aspect of our daily live. They are present, for instance, in self-contained applications, in
various devices and services such as mobile phones, medication dispensers and home
appliances, as well as in heavy industry products like automotive, avionics and nuclear
and chemical plants. A large proportion of these systems are mission/life critical and time
sensitive and as such they must be developed rigorously to ensure their safety, their
reliability and their fault tolerance. To this end, researchers, practitioners and engineers
spend enormous efforts to come up with rigorous methodologies and well-defined
processes for the design and validation of RTES [Lee and Seshia, 2010; Green and
Edwards, 2002; Laplante and Ovaska, 2011]. Such design processes basically define
three major steps: The modeling, the analysis and the hardware and software
implementation. [Lee and Seshia, 2010] defines the modeling phase as “the process of
gaining a deeper understanding of a system through imitation: Models imitates the
system and reflects properties of the system” and the analysis phase as “the process of
gaining a deeper understanding of a system through dissection: It specifies why a system
does what it does (or fails to do what a model says it should do)”. It is therefore clear that
the designer should start by modeling the system to produce the building artifacts, and
then analyzes these artifacts to make sure that they are correct. In the case of RTES, a
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well-defined process should absolutely identify the starting point of each of its activities
and clearly define its interaction and dependency on others because the absence of those
interactions in the process lead to more complexity than the design without following any
process at all. This can’t be achieved without using a unified modeling language such as
UML. Indeed, several methodologies based on UML have been devised over the last
decade in order to organize all the development required activities in well-defined
processes.
HASoC [Green and Edwards, 2002], for instance, is a design methodology based on
UML-RT notation. The design flow begins with a description of the system
functionalities initially given in use case diagrams and then in a UML-RT version
properly extended to include annotations with mapping information. The authors of this
methodology argue that UML-RT is so restrictive to model all the aspects of Real-time
systems [Chen et al., 2003].
Another well-known methodology is the Platform-based design (PBD) proposed by
[Sangiovanni-Vincentelli and Martin, 2001; Sangiovanni-Vincentelli et al., 2004;
Sangiovanni-Vincentelli and Di Natale, 2007]. This methodology tries to tackle the
increased pressure on time-to-market, design and manufacturing costs by dividing the
design process into two phases. In the first phase, a platform is designed where the
hardware and software architectures for the system are clearly defined. In the second
phase, the platform is specialized into a product through successive refinements. Because
much of the initial design work was done in the first phase, the product can be developed
relatively quickly based on the platform [Benini and De Micheli, 2005]. Generally
speaking, the basic tenets of PBD are:
 The identification of the design as a meet-in-the-middle process, where
successive refinements of specifications meet with abstractions of potential
implementations, as shown in figure 1.
 The identification of precisely defined layers where the refinement and
abstraction process takes place. Each layer supports a design stage that provides
an opaque abstraction of lower layers that allows accurate performance
estimations.

Fig. 1.

Platform-based Design

The platform-based design is a powerful design methodology to construct embedded
systems using the notion of platform, but it lacks the definition of steps to design each
layer, and there is no adopted and defined language to use across the design steps.
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Moreover, the behavioral and architectural analysis activities to verify and validate each
layer are not addressed. Given these facts, one can easily deduce that there is an urgent
need of a new approach to design real-time and embedded systems using the unified
modeling language UML and associated profiles.
In this paper, we present a preliminary version of a unified approach to model and
analyze real-time embedded systems using MARTE/UML profile to take care of both
software and hardware aspects of the system being developed. The proposed approach
follows the general guidelines and principles of platform-based design andmakes it
possible to apply model driven architecture (MDA) for code generation.
The rest of the paper is organized as follows. Section 2 introduces the MARTE/UML
profiles and explains its main components. Section 3 presents our methodology and
describes how MARTE elements are used across its steps with simple illustration
examples. Section 4 concludes the paper and presents future work.
2. MARTE/UML profile
MARTE (Modeling and Analysis of Real-Time Embedded systems) is a UML profile
intended for model-based development of real-time embedded systems [Benini and De
Micheli, 2005]. It provides support for specification, design, and verification/validation
stages. This new profile is intended to replace the existing UML/SPT Profile
(Schedulability, Performance and Time) [OMG, 2011]. MARTE is structured into
packages, the three main of which are: MARTE Foundation which defines basic subprofiles (Alloc, Time, NFP, GRM, etc.) which the two other packages rely on, the
MARTE Design Model is used to model all software and hardware aspects, and finally
MARTE Analysis Model which is intended for the analysis of schedulability and
performance of the system being modeled. Figure 2 shows the overall structure of
MARTE/UML profile.

Fig. 2. MARTE/UML Structure
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It should be noted that MARTE provides only the concepts and mechanisms required for
modeling and analyzing RTES specific aspects but it does not define any methodology of
how to do it. So, it is left open to the designer to select the appropriate stereotypes and
the order in which they should be used for modeling the system under construction. This
way of using MARTE might work for small-size systems that involve one single team for
its development. However, this can cause inconsistencies and misinterpretations of
building models when multi-parties are involved in the development process. To address
this issue, we set up as objective of our research the definition of a unified approach for
the design and analysis of RTES based on MARTE and PBD.

3. Our approach for designing and Analyzing RTES
Our approach is based on MARTE and PBD. It aims at bridging the gap between the
programming languages and the modeling languages in order to shorten the time to
market and reduce the development cost of RTES. This is possible through the intensive
use of abstraction provided by PBD and MDA [Laplante and Ovaska, 2011]. As shown in
figure 3, our approach defines 5 levels of abstraction for software design and 4 levels of
abstraction for hardware design. The analysis, verification and validation of each level
are executed after at least one level. All the artifacts are created using UML and MARTE
profile. From the software side, we start the modeling with operation modes so that we
can define all the possible sets of behaviors of the system under construction.

Fig. 3. Our design approach
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Then, we perform the analysis of this layer using test cases which can be partially
automated. After the validation is done we move to the next level of abstraction by
defining all the contained services and their interaction. Afterwards, we perform the rest
of refinements in order to define the components, the units and the tasks of the system,
respectively. To clarify our methodology we propose simple examples which define all
the abstraction levels for a battery management system in automobile. We limit the demo
to the software side of the modeled system.

3.1. Level I: Operation/Configuration Modes
Most complex embedded systems have multiple modes of operation. Changes inmodes
may be triggered externally by events such as user inputs or sensor data, or internally by
interrupts, or hardware failures. The battery management system in new cars may have
different behaviors when the car is in stop than when it is in start mode. The definition of
all possible modes will give the designer the ability to handle all possible behaviors and
thereafter, all the end-to-end scenarios. In our design process, each operation mode is
then modeled as a set of service interactions. Figure 4 shows the configuration mode
diagram of the battery management system.
The configuration diagram describes the first level of abstraction in our approach; it
defines the application’s operation modes and the possible transitions between them. The
modes are defines using activity entities and the <<mode>> stereotype from MARTE
profile. As for transitions, they are marked with the <<modetransition>> stereotype. The
application starts all the time with the default mode named here stopMode. However, if
there is a startEngine condition the application moves to the startMode. Finally, if there
is a failure in the system, the application transits to low voltage mode and then triggers
the services included in this mode.

Fig.4. Example of Configuration Mode Diagram

3.2. Level II: Services/Resources
To interact efficiently with the environment, complex embedded systems are designed
using a set of services. Such a structure makes the designed system much more reusable
by providing build-time configurability [Douglass, 2002]. Figure 5 shows the service
diagram of the battery management system.
The power management system contains three services, the communication service
which uses the CAN protocol to send and receive data, the current/voltage measurement
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service to acquire electrical data from the load, and the memory management service to
write and read data for the diagnostic system. Analyzing this level will feed the designer
with very important ratios like maintainability such as MTBF and MTTR. MTBF (Mean
time between failures) is a ratio used to predict the elapsed time between failures of a
system during operation, while MTTR (Meantime to repair) represents the average time
required to repair the modeled system.

Fig.5. An Example of Service Diagram.

3.3. Level III: Components/communication
Services are constructed using one or more components; each component is connected
with others using interfaces, and a pre-established communication protocol. In our
approach, the level 3 defines the components allocated to each service. The example
shown in figure 6 illustrates three components in the Voltage/Current service, the first
one is used to sample data from the ADC (Analog to digital converter) then a filter
component is used to filter and prepare data for storing or for other calculation.
The analysis of the behavior of each component focuses on the communication
entities and their interactions in terms of synchronization, fault tolerance, response time,
etc.

Fig.6. Example of Component Diagram

3.4. Level IV: Units
A unit or Real-time unit is the small entity which connects one or more tasks. It ensures
the starting, the control of progression and the disposition of tasks if needed. In this level,
we use the Time model of MARTE to define all Real-time characteristics, priorities and
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scheduling policy. All the system real-time units and their interactions should be defined
at this point. Analysis of this level is used to detect all the discrepancies with regard to
schedulability and synchronization.
MARTE stereotypes used in this level are mainly <<runit>> and <<punit>>.
<<runit>> is used to describe a real-time unit which contains at least one or more tasks,
while the <<punit>> or passive unit is a unit with no scheduled tasks, this mechanism is
used in MARTE to distinguish between the scheduled and unscheduled parts of the
system’s functionalities. Figure 7 shows the unit diagram for the battery management
system.

Fig.7. Example of Real-Time Unit Diagram

This example describes the contents of the sampler service in the service level. Two
passive units feed the system with data when called by the real-time unit’s functionalities
in the power controller which is triggered by the ignition controller.
3.5. Level V: Real-time Tasks
Task level is the last abstraction level in our approach. At this level, the designer should
describe all the tasks for each unit. To do so, the designer defines the behaviour of each
task using a FSM (Finite State Machine) diagram. Tasks are characterized by different
attributes such as the execution time, the response time and the variability of that
response between the worst- and best-case scenarios (i.e., the jitter) and end-to-end
scenarios simulation.
The real-time task defined in the example above is a safety task executed every time
the ignition trigger is set. It checks the validity of the key being inserted, and then checks
the power and safety rules of the system. Finally a start engine signal is sent to deliver the
needed electrical power to the engine.
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Fig.8. Example of Task Behavior

After finishing the task level, the analysis of the overall model is done by buildinga
separated model annotated with elements from the SAM (Schedulability Analysis
Modeling) or PAM (Performance Analysis Modeling) packages. The output parameters
are checked and possible modifications could then be done on the annotated model. The
system is declared valid if the resulting values are the same as what the designer expects.
Figure 9 shows the overall analysis procedure.

Fig.9. Analysis procedure based on PAM and SAM

The analysis procedure is based on the extraction of functional and non functional
parameters to simulate and verify the reliability and the safety of the modeled system; the
procedure is used repeatedly every time a level of abstraction is finished and also at the
end of the modeling process to ensure that the final design of the overall system is
correct.
As mentioned in figure 9, the analysis starts with the extraction of parameters from
models annotated by MARTE profile, then an entity named a classifier in the Verification
and Validation (V&V) engine is used to classify the parameters of each level. Finally, a
calculation of results and a comparison with the defined instructions is done. By the end
of the analysis procedure, the system is said to be correct if all the calculations are as
estimated by the designer.
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4. Conclusion
This paper presented a preliminary version of a unified approach for the design and
validation of embedded and real-time systems. The approach uses MARTE/UML profile
for modeling and validating the different artifacts produced during the development
process. It also follows the general guidelines and principles of the platform-based design
that helps the designer use abstractions and refinements in a structured and efficient way.
Moreover, the proposed approach makes it possible to apply model driven architecture
(MDA) for automatic code generation, which definitely reduces the overall cost of the
final product and shorten its time-to-market.
We are currently working on the refinement of our approach in order to implement it
in a framework built over Eclipse framework and MDT papyrus modeling tool, as shown
in figure 10. The target framework will help the designer get global estimations of
different performance ratios and software engineering metrics for the overall system. It
will also allow the designer to perform the simulation of HW/SW interactions in addition
to the automatic generation of stable and efficient C/C++ and Ada code.

Fig.10. Overview of the Target Framework
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