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Abstract— This paper presents H, a minimalistic specification language for the design of highly heterogeneous software
applications, particularly in the realms of robotics and industria, which takes advantage of a Component-Based Software
Engineering (CBSE) approach. H copes well with some of the most outstanding characteristics of this kind of systems, like
diversity at different levels (hardware platforms, programming languages, or even programmer skills), network distribution, real
time and fault-tolerance requirements. The H specification covers the whole life-cycle of a heterogeneous application, which is
one of its most relevant features. Its development system offers to the designer and/or builder a set of useful tools for specifying
modules, generating code semi-automatically and debugging and maintaining applications. H can also provide a real time
analysis of the intended system. In this paper we describe the specification, illustrate its main features with real examples from
our experience of use of more than a decade, and also include a case of study in order to show the benefits of H in the
development of a whole application. We have found that H and its development framework are a satisfactory way of addressing
simultaneously diverse issues currently present in heterogeneous system design, under the perspective of CBSE.

1 Introduction

1 DRAFT version. To appear in “Computer Standards & Interfaces” (2012)



IN the last years, a growing trend exists to use off-the-shelf components in the development of industrial, robotics, and

embedded software applications [1], since that should lead to shorter time to market and lower prices. In this class of
applications, heterogeneity is not only unavoidable, but a principal characteristic that sets important requirements during
development, as discussed recently in [24]. Heterogeneity may appear at different levels: off-the-shelf hardware components
(microcontrollers, computers, robots, AGVs, sensors, actuators, etc.); communication networks that add more diversity,
especially in industry (different kinds of networks and/or field buses); hardware components that must be programmed,
either in general-purpose languages (with or without operating systems), or in specialized ones; etc. Moreover, heterogeneity
goes beyond these issues. For example, the programming skills of the people in charge of developing the application vary
depending on their areas of expertise, and also the components are subjected to changes as technology evolves.

Component-based software engineering (CBSE) is an emergent area of research where a number of problems related to
heterogeneity can be properly addressed ([14],[22],[16]). Some of these problems are:

The existence of different quality standards for different components.
Defective integration of components, mainly due to the lack of sufficiently mature integration frameworks.
The challenge of obtaining a high degree of reusing without setting excessive requirements on diverse components.

Dealing with components which functionality evolves over time.

Dynamic configuration of components.

There has been a number of development frameworks proposed from the CBSE perspective (see section 2 for a review),
and also standards for coping with isolated aspects of heterogeneous systems design, but we have found that the following
issues still need more attention:

° Simplification/ minimization of the specification of requirements on components in order to facilitate both their
validation and integration, in spite of diversity. In this sense, for instance, current standards like CORBA for
communicating distributed heterogeneous software are far from simple ([33]).

e Graceful degradation in the application dependability when components satisfy only a subset of their individual
requirements, a common situation in heterogeneous applications.

e Integration of components with different degrees of reliability.

o Coping with the evolution of functionality, at different paces in different components, with minimum impact in the
design and implementation of the application.

ot Facilitating documentation, versioning, and repository management.

e Providing automatic or semi-automatic generation of code for diverse execution platforms.

e Coverage of the main stages of software development life-cycle, especially design, implementation, debugging, and
maintenance.

Taking these issues into account, in this paper we present a new development framework that fits in the area of CBSE,
called BABEL, aimed to cope with heterogeneity thoroughly, in the sense that it covers some of the previously highlighted
issues simultaneously: it is a minimalistic approach to cope with highly heterogeneous applications, identifies explicitly and
exhaustively the non-portable parts of a design, covers the most important stages of the software lifecycle and encourages
and facilitates the use of standards. For space limitations, the paper is focused on one of its core elements: the H specification
language, which makes up the component model [25] of the framework, although we also provide an overview of the whole
development system where H is included. The H language copes well with:

° Heterogeneity in software and hardware components: the former are specified by separating their portable (those
that are not tied to any other particular component) and non-portable parts, at two levels of granularity as it will be
explained further on By dividing in this way the specification, heterogeneity is conveniently and explicitly identified from
the beginning, enabling its efficient management along the complete life-cycle.

o Distributed applications: a heterogeneous application based on components can be distributed in a network. H
allows the programmer to specify in the same framework both networked and not networked applications.
Implementations from this specification can use a variety of software for using the network: from direct peer-to-peer
communications to more sophisticated middleware (e.g.: [50],[60]), including standard libraries (e.g.: Berkeley TCP/IP
sockets).

o All-scale design: H allows the programmer to specify from very small components (embedded) to large-scale
applications.



e Language independence: no constraints are imposed on the pieces of code included into the specification of a
software component in H; they just must serve for specifying sequential operations (concurrency is embedded into the H
execution model, as explained in the next sections).

e O.S. and hardware independence: a component is not tied to be executed in any particular O.S. or specific hardware
unless actually needed.

o Real-time features: H includes facilities for real-time validation and execution. These include a portable system of
real-time priorities (that can be mapped to a variety of existing O.S. real-time supports), time measurement, and worst-case
execution time (WCET) specifications. These features, as many others, can be restricted to the subset of components that
need them, enabling the graceful degradation of the requirements commented before.

o Fault-tolerance features: H also allows the programmer to specify fault-tolerance behaviors when necessary, based
on active and passive replication [30].

e Extensibility and reusability: a specification for a component in H can be extended and reused in a clear and well-
specified form. This facilitates coping with technology evolution. Object oriented inheritance is used in the language for
these purposes.

e Validation enabled: the specification contains enough information to apply some validation and verification
techniques at early stages in the design of the application, as we explain further on.

In addition to these features, the H specification language is embedded into the aforementioned BABEL framework, where
a number of tools are available in order to cope with other stages of the development life-cycle. These tools include: a visual
case tool for the design of components under H, an application for generating implementations semi-automatically from
these specifications, a debugger for testing the execution of the application (including its real-time performance), and a web
site for maintenance of specifications and implementations.

We have found that the main advantages of the use of the H language and the BABEL framework is a drastically reduced
development effort (time, mostly) while guaranteeing from very stringent to very relaxed requirements in different parts of
the applications. BABEL has been used mainly for robotic software development from longer than a decade in its different
versions ([26],[13]), serving for integrating heterogeneous and evolving hardware and software components, and allowing a
number of very different people (students, engineers, researchers) to focus on practical and theoretical robotic problems and
not on software engineering issues, that were satisfactorily solved by the framework. Currently, a well-proven stable version
that includes the previous version of H, called Aracne, and some of the tools, is freely available for public download [13]. The
maintenance web site was described in detail elsewhere [26] (currently is under a profound update and revision process).

This paper is structured as follows. Section 2 presents other works relative to existing industrial (non-CBSE and CBSE)
frameworks. Section 3 offers a general outlook of the main features of H, illustrated with excerpts from real robotic designs.
In section 4 we focus on the time analysis that can be carried out on the specification of an application. Section 5 presents a
case of study where a heterogeneous domotic system can be developed using H. Finally, section 6 sets the conclusions of
these work, and the future lines of development we plan to follow.

2 Related Work

Firstly, we will offer an outlook of some non-CBSE frameworks that have been proposed in the particular fields of
manufacturing systems or robotics, which are of interest due to the especial heterogeneity issues that emerge in these
applications.

G++ [2] is an object oriented, pattern-based language that helps to design large distributed software systems with
concurrent control requirements. The development process with G++ is an evolutionary one that maps the system analysis
into a logical design, and then maps that logical design into a physical one that is finally implemented. The implementation
needs frameworks or sets of basic classes that support the low-level environment. There is a commercial version of G++ [66]
that has been used in the industry. That version works on Java and C++ platforms, and it includes CASE tools for analysis,
design, prototyping and code generation, as well as GUI tools for monitoring and control. Like G++, the H language and
tools of BABEL take into account most of the software life-cycle; however, BABEL is not restricted to any particular
programming language, and it offers a downloadable free version.

Other relevant non-CBSE manufacturing/robotics frameworks are the SEMATECH CIM [63], aimed to the integration of
manufacturing execution systems (MES), that concentrates on the shop-floor control in semiconductor factories (some works,
e.g., [37], have enlarged its application domain both inside and outside that particular type of manufacturers), and OSEFA,
the Open Software Framework for Manufacturing [58],[59], which claims that creating the software control of a
manufacturing installation should be based on off-the-shelf solutions, which would help to reduce the development effort
and cost.

From the component-based point of view, there are a number of well-known general-purpose software components
frameworks, like the OMG’s standard CORBA [50], COM [44], .NET [43], XPCOM [47] or EJBS [23], which are suited to



general application development. In the following we discuss the most interesting approaches (the interested reader can
consult [1] for a deep study of fifteen component models): DisCComp ([7],[55]) provides a sound formal semantic component
model, however its specifications are close to the coding level, separating it from the more abstract H proposal; Fractal
([19][18]) is another platform independent component model that has been implemented for different particular platforms,
such as Julia [18], AOKell [61] or FractNet [27], while the BABEL framework presented in this paper provides a finer support
for multiple platforms, as it will be explained later on; Palladio ([36],[39]) focuses on performance, including analysis
techniques, for example response time analysis, while in our proposal the analysis can be performed without an
implementation, supporting early design time predictions; finally, KLAPER ([28],[29]) is an interesting alternative to the
integration of non-functional analysis in a component-based system.

Apart from domain-independent component-based frameworks and models, a wide diversity of component technologies
focused on the industrial arena has appeared in the last years. The main concerns are with reuse, shorter time-to-market and
reduced complexity. An overview of these works is presented next.

Some tools, like OpenCom([51],[21], pretend to be a general-purpose component-based approach for low level systems
development rather than enterprise applications. As their authors state, they look for “target domain independence,
deployment environment independence, and negligible overhead”. OpenCom does not deal with many of the tasks involved
in the software life-cycle, as BABEL tools do.

In contrast to this generic point of view, other component-based industrial approaches are focused on specific targets.
PECOS [53][48] is a component model with interfaces and events for the automation industry that has been used for small
electronic devices such as mobile phones, PDAs, video recorders, etc. Unfortunately, the concept of component they propose
is limited to these markets. An approach closer to a programming perspective is the Component Composition (CoCo)
description language, that provides a code generator for producing Java/C++ code skeletons and a runtime environment that
generates interfacing code for only certain real-time operating systems [68]. The Rubus component model [8][56] has also
been used for resource constrained systems and supports both soft and hard real-time embedded applications; however,
Rubus CM is enforced only by the Rubus Operating System, that provides a scheduler and a graphical tool for application
design. SaveCCM [32] is another component model for embedded control applications in vehicular systems. It provides real-
time analysis and dependability, and its component language allows us to describe timing and functional behavior, but,
unlike H, non-functional behavior is not considered; SaveCCT [3] uses SaveCCM as a component modeling language. The
framework COMDES [6],[5][34] formally specifies the modeling concepts and constraints for distributed embedded systems
(component structures, interaction and hierarchy); it provides a modeling language and a code generation technique using
the CodeWorker tool, and the executable code is created by means of the GNU compiler collection (GCC); however,
COMDES enforces the use of a given set of generating and deployment libraries for each specific target platform, which is
detrimental to heterogeneity.

We can still mention other proposals, such as KobrA [11] that has been used by a number of companies in industrial
settings (the original version was developed for UML); Java/A [35], inspired by ideas of ROOM [62] (Real time object
modeling), which uses the concept of port, provides modular verification and generates code by means of the HUGO/RT [57]
tool.

In summary, it is difficult to find a solution aimed to minimize the specification of components and applications and still
cope well with heterogeneity. Most of the commented frameworks are not independent with respect to the programming
language or operating system support, or are aimed only to some specific targets of application; others fail at providing
support for different stages of the software life-cycle, mainly implementation (automatic code generation) and maintenance.
H and the BABEL development system are aimed precisely to all these issues.

3 The H specification language, component-based model, and framework

In this section we outline our specification language for the design and programming of heterogeneous applications, called
H (for “Heterogeneity”), that establishes a well-defined component model. We also describe its accompanying component
framework: a set of tools that produce, deploy, validate, debug and maintain executable programs from those designs, called
BABEL.

H has been conceived for specifying software written in different programming languages that has interactions with
heterogeneous hardware and software, and needs real-time and fault-tolerance requirements. In the component model
induced by H, an application is composed of a set of modules —the components—, being each module restricted to execute
on a single computational machine (we make no provision for migration yet, albeit H does not preclude it), and they provide
a number of public services to other modules. Services can access the internal status of their own module, and also can
request other services and signal events, thus generating communications. The set of public services that a module offers to
its counterparts acts like an interface, and interactions among modules in the system are only possible via these interfaces.

The execution model provided by H is a minimalistic one that resembles an Active Object for each module [17], that is, a
module is a program that contains an internal status that all the services can access to and executes concurrently its own
service routines. The execution model includes possible reentrancy and interblocking behaviours, real-time characteristics
(worst-case execution time), and fault-tolerance mechanisms. This has been explained in more depth elsewhere ([25], [26]).

H also establishes a hierarchical relative priority system in order to organize the execution of modules: each service in a



module can have a priority of execution relative to the priorities of other services of its own module (dynamic or “D” if it has
the same priority as its caller, low or “L” if it has less priority than dynamic services of its module, and high or “H” if it has
more priority than dynamic services of its module); at run-time, a priority is assigned to each module relative to other
modules priorities. That information along with the relative priorities of the services is enough for calculating a final, absolute
execution priorities for all threads of the application. Our relative, hierarchical priority scheme can be mapped both to non-(or
soft) real-time operating systems facilities and to hard real-time platforms, allowing even the coexistence of non, soft, or hard
real-time performance within the same application. It is illustrated in Fig. 1.
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Figure 1. Hierarchical priority scheme in BABEL, and how it maps relative H priorities into the particular (absolute) priorities of the underlying
execution system.

Another embedded real-time component (ERC) feature of H is that the modules of an application have separated memory
spaces and execution processes, so a fault in one of them should affect the minimum to others and to the integrity of the
whole application. In addition, modules can be deployed with several replicas of each one, as commented further on.

In H, Component Based Development (CBD) can be applied under two main perspectives: from the viewpoint of a
component designer and from the viewpoint of an application designer. On the one hand, modules are designed through the
corresponding part of the H specification language, and passed through the H-apc tool for source code generation (see
sections 3.1 and 3.2), while, on the other hand, applications are formed as the composition of a set of modules likely to be
developed by different people separately. The H-apx tool of the H framework (see section 3.2), that launches the executable
modules at their corresponding machines, allows them to be dynamically loaded or unloaded into the application.

Next, section 3.1 describes the design of components and applications with H and the component model that this induces,
while section 3.2 reviews the different tools of the H framework that compose our BABEL system and aid in the generation,
maintenance, execution and debugging of components and applications. The explanations are illustrated with excerpts from
real examples, and a more complete case of study is developed in section 5.

3.1 Designing with H

The H language induces a component model since it fixes a well-defined (and minimalistic) set of rules that must be
followed in order to build modules and deploy applications. These rules can be observed in the steps that the designer of a
module (up to step 3 below) and/ or the designer of an application (from step 4) must follow:

1. Structural design of modules

2. Codification design of modules (programming and fine-grained heterogeneity specification)

3. Non-portable design: Enumeration of heterogeneous hardware/software components that support the
execution of the codifications produced at step 2 (coarse-grained heterogeneity specification).

4. Structural design of the application.

5. Definition of an implementation for the application.

In the following we enter into the details of each of these stages.
Structural Design of Modules

Heterogeneity does not appear in step 1, since it covers only the public structure of modules, which is completely portable,
that is, independent on specific hardware or software platforms. This allows the engineer in charge of implementing
components to reuse these structures. Moreover, their specification is kept to a minimum for widening this reuse and avoids
the imposition of unnecessary constraints at lower (codification) levels. The structural design of a module includes number
and characteristics of services, basic real-time requirements on their execution, and defines their concurrent behavior within
the scope of the module.

One of the new features of H with respect to our previous works is the inclusion of inheritance in the design of the
structure of modules, which improves even more reusability (and facilitates to cope with the evolution of components, as
commented in the introduction) by enabling the proper modification of existing modules, the composition of simpler designs



into more complex ones, and the definition of structures that are intended only for derivation and not for instantiating any
codification (abstract modules).

A second important feature intended for improving reusability is the use of a data specification language aimed to include
type definitions and service parameters in the structural design. This language is called HDL (for “Heterogeneous Data
Language®”), and is currently a strict subset of the standard OMG's IDL [49], therefore it can be considered itself standard. All
the structural designs in H use the same language for defining data.

The complete syntax for the structural design of modules is shown in Fig. 2. Fig. 3 lists the type of services considered,
their characteristics and their typical use. Fig. 4 shows a real example of the specification with H of part of an abstract module
intended to command the low-level movement and hardware of the mobile robots used in our laboratories [38]. Fig. 5 shows
a real module for a specific robot, derived from that abstract specification. Also, in Fig. 14 you can see two structural designs
for modules involved in a domotic application explained in detail in section 5, a totally different domain.

Module [abstract] structural design <module name> [inherits from /list_of_ids/ ]
Description: “Description of the module”
Author: “Author name”

[ Data definitions
/list_of_HDL_defs/
End data definitions ]

[ Signal definitions
/list_of_signals_defs/
End signal definitions ]

( Service <service name>
[ Characteristics: /list_of_serv_chars/ ]
Priority: /service_prio_level/
[ Inputs: /list_of_HDIL_data/ ]
[ Outputs: /list_of_HDL_data/ ]
Description: “description of the service
End service <service name> )+

”

{ Event handler <signal id>
Priority: /handler_prio_level/
Description: “description of the handler
End event handler <signal id> }

”

{ Notification handler <signal name>
Priority: /handler_prio_level/
Description: “description of the handler
End notification handler <signal name> }

”

End module structural design <module name>

Figure 2. Complete syntax of the structural design of a module in H.



Characteristic Effect Typical use

reentrant A reentrant service can start its execution concurrently more than|-For improving the throughput of the module when more than one
once and with other reentrant services, without waiting for thejexecution threads exist, or when the module can have multiple
termination of other requests. It is not needed in monitor services|clients.

or event/notification handlers, since they are always reentrant (and
cannot be set as non-reentrant).

In contrast, a non-reentrant service blocks the execution of any other
service in the module, except monitors and event/notification
handlers.

Reentrant services require an appropriate use of shared resources,
specially accesses to the internal status of the module. H provides
suitable synchronization constructs for that purpose.

monitor A monitor service is in a sense private to the module, since it cannot|-For initiation and configuration of some component (initiating|
be requested: it is launched automatically when the module is|certain hardware or software driver, for example).

launched, after the startup logic ends. Once terminated, it does not
return any data.

Event/notification handlers cannot be set as monitors since they are
requested in a different fashion.

permanent [ |A permanent service does not ever terminate, thus it cannot have input|-Usually, this characteristic is used together with monitor for

[absolute] or output data. Once it is requested (or launched in the case of ajsetting periodic tasks (supervisory code, simulation, periodic event|

/time_value/] |monitor service) and its logic terminates, it is initiated again, and this|signaling, etc.).
behaviour is automatically repeated after each iteration. Only when
the module is shut down, and before the preending logic starts, the|-If the task is intended to start on demand and not with the
service is signalled to terminate when the current iteration ends. launching of the module, the permanent characteristic should be|
applied to a non-monitor service.

Event/notification handlers cannot be set as permanent, since that
would contradict their way of being requested. -If the time value parameter is used with the absolute keyword,
the service will be enabled as a hard real-time task with that period.
If this characteristic is parameterized by a time value (greater than
zero), the service will initiate the next iteration after the time
indicated passes. If the absolute keyword is used, the time
indicated will include the time already spent by the execution of the
last iteration of the service.

Figure 3. Characteristics of a service in the structural design of a module.

Module abstract structural design RobotHardwareLayer
Description: “General management of the lowest level hardware layer of the MAPIR laboratory's mobile
robots”

Author: “MAPIR”

Service ChangeVW
Priority: dynamic
Inputs: float v_mps;
float w_radps;
Description: “Change linear and angular velocities of the robot”
End service ChangeVW

Service ReadVW
Characteristics: reentrant;
Priority: dynamic
Outputs: float x;
float y;
float phi;
float vellLineal;
float velAngularfloat;
Description: “Read the current odometric pose and kinematics of the robot”
End service ReadVW

End module structural design RobotHardwarelayer

Figure 4.Part of the structural design of an abstract module in charge of the motion and low-level control of a generic robotic platform.



Module structural design WheelchairHardwareLayer inherits from RobotHardwarelayer

4

Description: “Management of the lowest level hardware layer of the SENA robotic wheelchair”
Author: “MAPIR”

Data definitions
float vectorADC[50] range 0...5 units volts;
/* Measurements from the ADCs of the SENA platform.
The first 24 measurements are:
ADC[O]-ADC[1]: joystick inputs.
ADC[2]-ADC[21]: infrarred sensors.
ADC[22]-ADC[23]: XY acceleration sensors.
*/
End data definitions

/* All the services of the abstract specification are already defined and available in this
derived design */

Service ReadADCs

Characteristics: reentrant;

Priority: dynamic

Outputs: vectorADC measurements;

Description: “Read the current measurements from the wheelchair hardware”
End service ReadADCs

End module structural design WheelchairHardwarelayer

Figure 5. Part of the structural design of the module in charge of the lowest hardware layer of our SENA robotic wheelchair [38].

Codification Design of Modules

Step 2 of the design of a module, called the codification step, is the first place where heterogeneity appears, in particular in
the so-called fine-grained level. Fine-grained heterogeneity facilitates the identification of very small portions of code that are
not portable, the specification of the kind of platform to which they are tied (e.g., an operating system, a software library,
some piece of hardware), and therefore the optimization of the reuse of the designs. In this step a codification is associated to
the structural design of the module (it “implements” that module), providing sequential routines for the services and
starting/ending routines for the whole module. For improving reusability and facilitating versioning, H also includes
inheritance for codifications as a separate mechanism from inheritance of structural designs, which allows the engineers to
vary existing codifications in order to produce new ones as long as they obey the same interfaces, for example, because they
are to be executed on a different hardware or because the hardware they use evolves with time.

Both services and modules codifications, called logics in H, can be written in a number of programming languages (must
be the same for all the code of a given module), allowing the designer to cope efficiently with existing heterogeneity in
programming. The available languages are only limited by our effort: H is not limited to cope with any imperative language,
or even other paradigms if proper adaptation for the execution model and input/output data is carried out.

For keeping the codification of modules as portable and reusable as possible, and heterogeneity as explicitly identified as
possible at this level, the programmer can use within logics what we call “H atoms”: text templates that can be included into
the code for carrying out some non-portable operations —operations that depend on some particular hardware/software —,
for example, requesting a service from another module (which can involve network communications). This is what we call
fine-grained heterogeneity specification. Their general syntax is:

#_H-atom(<atom name>,..<parameters - either constants or variables of the codification language>..)_#

Since H atoms are text templates, we do not need to compile the code in a codification design in order to dealing with
them: a text search is enough, in contrast with other approaches. This does not produces conflicts with the programming
language that is used, due both to the especial syntax of atoms and to the splitting of the code into the different portions of
the H codification design (i.e., service routines, startup code, etc), which makes implicit most of the procedural features of
imperative languages. In addition, H atoms are more efficient in execution time than programming APIs, since they are
equivalent to inlining functions (they are substituted by code within the same text), with the advantage with respect to
inlining that we do not have to provide any public API to the designer that should provide a common calling method for very
diverse platforms and should have to be maintained for a diversity of targets.

Although H atoms cover a number of necessities, some portions of the rest of the code may be still dependent on a
particular hardware/software component (for example, a given code that assumes a software library for mathematical
processing or a data acquisition card). These non-portable elements must be explicitly listed in a special section associated to
the codification, called Deportabilization. This encourages the programmer to make heterogeneity explicit at all steps of
the codification level.

The complete syntax for the design of codifications is shown in Fig. 6. The available H-atoms and their characteristics are
listed in Fig. 7, and the syntax for the definition of platforms is presented in Fig. 8. The characteristics described in these
paragraphs are finally illustrated with the real example of Fig. 9, which shows the codification we are currently using for



implementing the behavior of the module WheelchairHardwareLayer, previously presented in Fig. 5. Also, in Fig. 22 you
can find parts of codification designs for our domotic case of study.

Non-Portable Design

The step 3 of the design of a module is devoted to enumerate the particular hardware and software components involved
in its deportabilization, which we call coarse-grained heterogeneity. This is where heterogeneity is most clearly coped with,
and where the similarity of ours to other solutions is higher. However, we classify heterogeneous components in order to
better cope with different combinations of target at code generation time. We consider the following general platforms that can
make some module not totally portable: hardware, execution, communications, real-time, and fault-tolerance. Particular
instances of these platforms, called particular platforms, represent the actual non-portable components needed by the module,
for example, a given operating system or a particular processing hardware. There is no limit or extensive set of requirements
imposed on the particular platforms that can be defined, which is the main reason why our approach is highly extensible. In
addition, generating implementations from the designs for different combinations of target is a well-defined procedure even
at a conceptual level: it requires a mapping from the H-atoms and the underlying execution model to actual code written for
the target platforms. If the particular platforms used for a given implementation of the design do not satisfy completely the
execution model enforced by H or cannot support the entire set of H atoms, the generated application will have reduced
functionality, but still an application can be generated.

Fig. 9 was already an example of the use of deportabilization in the codification design (using a particular execution
platform, the SENA-AT16_MS_FIFO_v1.0, for communicating to the underlying hardware). Fig. 10 shows the specification of
the particular platform used in that design.



Module codification design <codification name> [implements <module name> | reviews <codification name>]
Description: “Description of the codification”
Author: “Author name”

[ Codification language: /codif_language/ ]

Deportabilization: /list_of_ids/ ]

[ Internal status
Data definitions (types, variables, or constants; no code allowed) for the internal status of the module, written in the codification
language.
End internal status]

[ Replication
This logic is called in passive replication only whenever the leader replica has transmitted to this one its internal status. It is conceived
for updating other pieces of data apart from the internal status, or to respond to errors in that replication.
End replication]

[ Startup logic [ , Timing /timing_range/]
Code that will be executed at the start of the module and before any service is available; written in the codification language.
End startup logic]

[ Preending logic [ , Timing /timing_range/]
Code that will be executed when the module is shutting down but before all the running or pending services have ended.
End preending logic]

[ Postending logic [ , Timing /timing_range/]
Code that will be executed when the module is shutting down and all the running or pending services have ended.
End postending logic]

[ Auxiliary logic
Diverse pieces of code (and only code, no data) that can be useful for several of the other logics. .
End auxiliary logic]

[ Externals
Diverse files to include (without copying to the destination generated directory), compile, link, etc. The paths that appear in this section
are the original paths of the files when this specification was written, but the content of the files can be appended to the end of the
specification for portability.

Link: /list_of_paths/ ; ] |

Compile: /list_of_paths/ ; 1 |

Include: /list_of_paths/ ; ] |

Include-not-copy: /list_of_paths/ ; ]

[ Passive: /list_of_paths/ ; ] 1+
End externals ]

( Service <service name> [ [ replace | upwards | downwards ] ] [, timing /timing_range/]

Here comes the internal codification of the service, written in the codification language. Possibly executed concurrently with other
services’logics (depending on the service chararcteristics).

[Replication:
This logic only can be used in active replication. It will be called only on one replica (the last to finish the request) after all the existing
replicas of the module finish a request for this service, and will have as parameters the same input and output parameters as the
service. This logic is in charge of retrieving the results produced by all the replica requests and producing a unique result through some
merging policy or algorithm.
The output parameters corresponding to each replica will be accessible through an array-like construction of the codification
language, indexed by the order of the replica.
If this logic is not included and active replication is selected, the results returned by the service are the ones of the last replica (the
others are discarded).

]
End service <service name> )+

{ Event handler <signal id>

Here comes the internal codification of the event handler, written in the codification language. It will be executed concurrently with
other services’ logics.

In case of active replication, all the handlers will be called in all the replicas, but no special code is needed to retrieve a common result
since handlers do not return anything.

End event handler <signal id> }
{ Notification handler <signal name>

Here comes the internal codification of the notification handler, written in the codification language. It will be executed concurrently
with other services’ logics.

In case of active replication, all the handlers will be called in all the replicas, but no special code is needed to retrieve a common result
since handlers do not return anything.
End notification handler <signal name> }
End module codification design <codification name>

Figure 6. Complete syntax for the design of the codification of a module in H.



Atom name General Platform Use
Request- communication|Issues a request for some service of a module (this includes requesting services of the very module where it is used),
synchronous-— passing input parameters and retrieving output data if present. Errors are also communicated to the caller in special
static return variables. The synchronous behaviour implies that the caller is blocked until the callee returns an answer (or an
error). The static behaviour implies that both the callee module and service are known before execution time.
If there are several communication platforms available for issuing the request, they are used sequentially until one of]
them successfully sends and receives the information (the atom does not allow the programmer to specify one platform
to use).
Also, real-time requirements can be included in the atom for specifying the minimum and maximum times allowed in|
the request, and also to set a timeout. If the timeout fires, the request is discarded (as any future incoming answer).
In the case of the callee module being a repetition, this atom also can include the repetition identifier to refer to a|
particular copy of the destination module.
In the case of the callee having several replicas for fault-tolerance purposes, the request will be issued to all of them;
in the case of active replication, they will coordinate to send a single result.
Request-— communication|The same but with a dynamic behaviour: both the callee module and service can be set up at execution time.
synchronous-
dynamic

Send-event

communication

Both issue asynchronously a signal to some module, which can be set dynamically at execution time or as a constant in|
design time.

Send-
notification Due to their asynchronous nature, these atoms do not allow the programmer to specify real-time requirements.
Events have input parameters, so this can be used as a general asynchronous communication method. No response is|
received by the caller or guarantee that the callee has caught the event.
Notifications are intended only for internal events (in the same module as the caller), so they do not carry the
destination module information.
Number- (intrinsic) [If the codification is a repetition of a given module, these atoms allow it to check out how many repetitions exist of its
repetitions module and also get the names, in order to construct dynamic requests which are less tied to a particular application
than static ones.
Name-—
repetition
Real-time- real-time |Perform an operating-system dependent suspension of the thread that executes that logic during a given time, or read
suspend the current time, respectively. The latter provides a global time shared and synchronized through all the computing

Time-stamp

machines of the application if a real-time platform with that capability is used. Otherwise, it provides a local measure
of time.

User-log real-time |Records a time-stamped user log that can be examined off-line if the codification has activated its logging option.
Critical-zone-| execution / [These atoms allow the programmer to synchronize multiple concurrent threads (that is, reentrant services as well as
create hardware  monitor services and event/notification handlers) for accessing shared resources, mainly the internal status of the
module. They follow the classic semaphore paradigm.
Critical-zone-
enter They may include timeout parameters for real-time needs.
Critical-zone-
leave
Drop-replica fault- Drops the current codification as a replica, both in passive and active replication scenarios, even when it is the only|
tolerance |replica currently up (in that case the module will cease to respond). It is intended for reacting to situations where a

given replica is not able to continue working correctly.

Figure 7. Most commonly used H-atoms for keeping the codification of modules as portable as possible.

Particular /general_platform/ platform <platform name>

Description:

“Description of the platform”

End particular platform <platform name>

Figure 8. Syntax of the definition of a particular platform in H.



Module codification design
SENAWheelchairControl implements WheelchairHardwareLayer

Description:
“Basic control of the SENA wheelchair robotic platform”

Author: “MAPIR”
Codification language: iso-cpp
Deportabilization: SENA_AT16_MS_FIFO_v1.0

Internal status
//—=1//

bool result;

// The object in charge of control
CInterfazControladorSENA *o;
// Current odometric pose and
// auxiliary odometric variables
float x_odo,y_odo,phi_odo;

int last_ticksLeft_odo;

int last_ticksRight_odo;

int AticksLeft_odo,AticksRight_odo;
float Ax_odo,Ay_odo,Aphi_odo;

// Current wheel velocities (m/s)
float vel_medida_izqg, vel_medida_der;

// Current linear and angular velocities
float vl_medida, w_medida;

//1-=1/

End internal status

Startup logic
//-=//
// Create control object
o = new CInterfazControladorSENA () ;

// Create semaphore for concurrent task synchronization
#_H-atom (INC_criticalzonecreate,"1", "result") #

// Initiate ADC readings
memset (ADC_Medidos, 0,
sizeof (WORD) *ADC_COUNT) ;

// Initiate odometry and kinematics
x_odo=0;

y_odo=0;

phi_odo=0;

vel_medida_izg=0;
vel_medida_der=0;

AticksLeft_odo=AticksRight_odo=0;
Ax_odo=Ay_odo=Aphi_odo=0;
last_ticksLeft_odo=0;
last_ticksRight_odo=0;
//-=1//
End startup logic

Postending logic
//-=1//
// Destroys semaphores and objects
#_H-atom (INC_criticalzonedestroy, "result") #

delete o;
//-=//
End postending logic

Externals
Include—not—-copy:
string.h;
Include:

c:/Progs/Cpp/SENA/CIChipUSB.h,
c:/Progs/Cpp/SENA/CIControlSENA.h;
Compile:
c:/Progs/Cpp/SENA/CIChipUSB.cpp,
c:/Progs/Cpp/SENA/CIControlSENA.cpp;
End externals

Service ChangeVW timing [0 microseconds ..100 microseconds]

//1-=1/




float v_izqg, v_der;
v_izg = v_mps - 0.5 * WHEELS_DISTANCE * w_radps;
v_der = v_mps + 0.5 * WHEELS_DISTANCE * w_radps;

#_H-atom (INC_criticalzoneenter, "O0", "result")#
CinterfazControladorSENA::TControllerConfig Steering Steering_ params;

Steering_params.desired_left_speed = v_izqg;
Steering_params.desired_right_speed = v_der;

o->Controller_Change_Steering params ( &Steering_params ));
#_H-atom (INC_criticalzoneleave,"0", "result") #
//—=1//

End service ChangeVW

End module codification design SENAWheelchairControl

Figure 9.Part of the current codification in C++ of the module structure of Fig. 2, including some H-atoms that identify non-portable operations.

Particular Hardware platform SENA_AT16_MS_FIFO_v1.0

Description: “One of the two hardware microcontroller boards of the SENA wheelchair. This one
includes USB communications with onboard computer, 16 ADC channels, accelerometer and gyro”

End particular platform SENA_AT16_MS_FIFO_v1.0

Figure 10. Syntax of the definition of a particular platform in H.

Application Design

At step 4 of the design the second CBD perspective begins: that of the application designer. An application structure is
defined that collects a number of structural designs of modules (not codifications, since this step in the application design is
still a structural view). The possibility of including more than one copy of a given module is a new feature of H with respect
to previous versions of our framework: it allows the engineer to have more than one identical device, for example, a number
of identical sensors, coped with the same module at the structural level.

The syntax for the structural design of applications and for the implementation specification are shown in Figs. 11 and 12,
respectively. An example of basic application is shown in Fig. 13.

Application <application name>
Description: “Description of the application”
Author: “Author name”

Modules: /list_of_repmodules/

End application <application name>

Figure 11. Syntax of the structural design of an application in H.

Implementation <implementation name> for <application name>
Description: “Description of the implementation”
Author: “Author name”
Platforms: /list_of_platform_instances/
Support: /list_of_supports/
[ Fault-tolerance: /list_of_FTs/ ]

Deployment: /list_of_deployments/

End implementation <implementation name>

Figure 12. Complete syntax of the implementation specification for an application in H.



Application BasicMobileRobotNavigation

Description: “This application allows an operator to control the basic movements of our SENA robotic
wheelchair and store a log of the path and sensors”

Author: “MAPIR”

Modules: SENAWheelchairControl, SickPLSLaserInterface, BasicConsoleControl

End application BasicMobileRobotNavigation

Figure 13.Example of the structural specification of a simple application in charge of controlling the movement of our SENA robotic wheelchair
through a simple console menu.

Finally, the last step of the H design stage (step 5) serves for defining an implementation for the application, that is, an
instantiation of its structure (Fig. 13) in order to produce, deploy and execute the corresponding programs. Several
implementations of the same application structure can be provided, for example if there are changes in the distribution of the
modules among the computers, or in the hardware support. The implementation of the application of Fig. 13 is shown in Fig.
14. Also, Fig. 24 shows application and implementation files for the domotic case of study of section 5.

Implementation NotNetworkedBasicMobileRobotNavigation for BasicMobileRobotNavigation
Description: “Implementation of the basic control of SENA in a single machine”
Author: “MAPIR”

Platforms:SENA_Controller is SENA_AT16_MS_FIFO_vl1.0,
SENA_PLS is Sick_PLS_200_Sensor,
Windows_Instance is Windows_XP,
ACE51TAO1l1_CORBA_Instance is ACES51TAOl11_CORBA

Support: Windows_Instance supports
ACE51TAOl1_CORBA_Instance;

Deployment:

SENAWheelchairControl deployed on Windows_Instance priority 1000 order 1 pause 2 seconds;
SickPLSLaserInterface deployed on Windows_Instance priority 500 order 2 pause 2 seconds;
BasicConsoleControl deployed on Windows_Instance priority 100 order 3;

End implementation NotNetworkedBasicMobileRobotNavigation

Figure 14.Implementation of the application of Fig. 13 in a particular machine. Notice that modules communicate through ACE+TAO CORBA
[60].

In the implementation design the engineer must specify the support relations existing between particular platforms and
codifications. For example, a given computer can provide support for a given operating system, which in turn can provide
support for a given processing library.

The Deployment section is intended to distribute the codifications of the modules among the available
execution/hardware platforms. An optional Fault-tolerance section in the implementation of the application allows the
engineer to activate fault-tolerance mechanisms through replication, either active or passive, for each module. If a given
codification is deployed more than once (several replicas), H has provision for two cases of fault-tolerance (a particular fault-
tolerance platform is needed that implements them):

-In passive replication, a replica number will define the order in which the replicas will be selected for processing
service requests. When the highest number ceases to respond after a given timeout, the next one will take its place.
Whenever the selected replica produces the result, its internal status will be replicated in all of the others.

-In active replication, the replica number will be used to index the output data produced by each replica. These
results will be merged/coordinated by the latest replica in finishing the request.

3.2 The BABEL Framework

H is supported in the BABEL development system by a component framework that provides a run time support and
mechanisms for coping with three issues: threads and concurrency, real-time priorities, and application deployment.

Once all the steps of the design of an application have ended (recall section 3.1), the executable programs that compose the
implementation of the application can be produced automatically. For that purpose, the H tools include a software called H-
apc, for “Heterogeneous Application Constructor”, that interprets the designs described previously and generates source code
for the desired codification languages, execution/hardware platforms (operating systems or CPUs), and a number of
compilers and interpreters. Up to date we have developed support, at different level of completeness, for codifications



written in C, C++, JAVA, some microcontrollers and PLCs, and for execution platforms that include MS Windows NT+,
LynxOS, and JAVA VM. Since our research work is limited in resources, a few of these have been intensively tested during
the last decade while others are still experimental, but the framework poses no theoretical or technical limitations in the use
of other programming languages or systems. In the future we plan to enlarge the list of platforms supported, which can be
efficiently accomplished due to the internal structure of the H-apc, widely based on scripts.

For deploying and executing a given application, once its modules have been constructed with H-apc and compiled/linked
if needed, we use another software, called H-apx (for “Heterogeneous APlication eXecutor”), currently provided through a
graphical interface for Windows platforms called the BABEL Execution Manager (see Fig. 15). The EM is able to launch all the
executable components on their respective computational machines from a remote station, and collect their logged
information when that option is activated. The list of deployments indicated in the implementation also configures the
relative priorities of execution of the codifications and their launching order.

If logging has been activated for some codification, the results can be analyzed off-line through our H-apl (“Heterogeneous
Application Logger”), currently provided with a graphical interface for Windows platforms (Fig. 16), which shows
graphically the sequence of events that have occurred during execution. This allows the engineers to inspect possible real-
time flaws or bad ordering of requests, apart from user-defined events that can be registered at any time.
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Figure 16. Snapshot of the BABEL Debugger displaying a log retrieved after the execution of a simple two-module application.

Finally, all the designs produced with H have been stored in the last years in our BABEL web site [13], a web currently
under a deep transformation that also contains documentation (manuals, papers, and a wiki) and free downloads.

4 Time-Analysis of Applications

The specification of applications in H does not only intend to cope well with heterogeneity improving reuse and allowing
longer software life-cycles, but it makes also possible to apply different analysis techniques for determining if the components
will satisfy their time requirements. Specifically, we propose here a schedulability analysis. This a priori analysis is very
important if we attend to the heterogeneity characteristics of the proposed framework.

There are a number of possibilities to carry out such analysis. The PACC project (Predictable Assembly from Certifiable
Components) at Carnegie Mellon SEI [64] has presented some works related to the performance analysis of component based
systems, using predictable assembly [31]. The COMFORT reasoning framework [20] applies model checking techniques in
order to verify software components. It focuses on predicting the quality attributes of software systems, such as performance,
safety or security. RTCOM [1] is another component model which includes a WCET calculation using white-box components.
Finally, MAST [40], a modeling and analysis suite for real-time applications, provides an open source set of tools able to
handle applications that are built on standard operating systems; distributed systems can be included too, as well as event
driven systems.

Since heterogeneity from different processing resources is coped with easily in MAST, we have chosen it to perform
analysis on H specifications. As it has been commented in section 3, real-time requirements are specified in H by assigning
priority levels, worst case execution times and periodicity for services and events. We can extract these real-time
characteristics from the specification in order to generate a MAST file.

Service SLAMActivity

Characteristics: monitor, permanent absolute 500 milliseconds;

Description: "While a SLAM activity has been requested and not ended, it performs the different stages
of that process. "

End service NavigationActivity

/*Keywords “permanent absolute” indicate the periodical behavior with a period of 500 ms.
Additionally,the implementation design for the service is represented by:*/

Service SLAMActivity
bool result;

#_H-atom (Request-synchronous static, "LaserScanner", "GatherScan", "scan","2 ms ")#

#_H-atom (Request-synchronous-static, "MotionControl", "ReadPose", "pose","1l ms")#

#_H-atom (Request-synchronous-static, "LaserAndGridBasedSLAM", "CalculateSLAMStep", "rescalc","140ms")#
#_H-atom(Request-synchronous-static, "MotionControl", "ChangePose", "pose","2 ms")#

End Service SLAMActivity

Figure 17. Excerpt from the codification of a module, showing some services requested from other modules, which configures a MAST activity.

In MAST, the real-time application behavior is modeled as a set of concurrent transactions that compete for the processing
resources offered by the available platforms. Each transaction represents a set of activities that are executed in the system as



the response to some event or situation. An activity is in turn a sequence of operations (with an overall WCET) executed by
(scheduled in) a Scheduling server. The server may “run” in a processor or a network, which can be modeled with great detail
through the so-called processing resources, including context switching times, timer overload, interrupt priorities, etc.

We have developed a mapping schema from the elements of an H specification to a MAST file. A transaction serves for
modelling a sequence of operations in the application, thus any service can be considered a transaction which, in turn, may
request other services. The codification of the first service plus its requests to others makes up the activities of the transaction.
The WCET of these activities can be automatically recovered from the WCETs included in the codification designs of H (the
“timing” keyword). Also, in the H structural designs and implementation specification of the application, each module (and
its services) may include priority information for scheduling (the particular execution and real-time platforms define the set
of scheduler servers available, including network behavior as processing resources). With all this information, the mapping is
complete for carrying out a schedulability analysis taking into account the temporal behavior of the whole system in spite of
its heterogeneous behavior.

As an illustrative example, let us suppose an application in charge of both the simultaneous localization and mapping for a
mobile robot in a structured environment (the SLAM problem [67]) and the concurrent safe navigation of the robot to some
locations in that environment [15]. This is a small application from the point of view of H (few modules), although its
theoretical foundations are considered hard in robotics. It consists of four modules: a robot hardware layer in charge of the
basic robot motion, a laser range module in charge of gathering the data from that sensor, a reactive navigation module that
commands the robot to go to some geometrical location while it avoids obstacles, and a SLAM module that makes
calculations to locate the robot accurately and to build simultaneously a metrical map of its environment (both deductions are
needed for the reactive navigator to work safely).

We have selected as transactions of this simple robot architecture the reactive navigation and the SLAM services. Both are
always active and have to be executed concurrently, with different periods.

The reactive navigator sequences the following activities:

1.  Gather laser range data [service request; wcet 2 msecs]

2. Gather current robot location [service request; wcet 1 msec]

3.  Calculate reactive movement for safe navigation to the target during the next period [local service request; wcet 8
msecs]|

4. Change robot velocities according to that movement [service request; wcet 2 msecs]

The whole transaction has a period of 100 msecs, and must have higher priority than SLAM since this controls the
movements (and possible obstacle avoidance) of the physical platform.
On the other hand, the SLAM transaction sequences the following activities:

1.  Gather laser range data and robot motion carried on during the last period [service request; wcet 2 msecs]

2. Estimate location of the robot and update the map of the environment through probabilistic bayesian filters [local
service request; wcet 140 msecs]

3. Update robot location in the robot hardware layer [service request; 2 msecs]

This transaction is to be executed periodically as the robot moves and obtains new observations (laser data), with a period
of half a second.

The whole application will run in a single-CPU computer with precalculated priorities (the operating system is able to
cope with that) and deadlines equaling the periods.

All this information, available in the different H designs (as shown, for instance, in Fig. 17 for the SLAM module), can be
translated to an input file for MAST (Fig. 18), which produces a detailed analysis of the temporal behavior of the application
(Fig. 19). The MAST application provides real time information very important to build real time applications. For example,
we can obtain the worst case response time and the number of suspensions or the blocking time not only for the transactions
but the transaction activities. If we analyze the results of the described example, transaction navreact has a worst case
response time of 13 msecs and it is not preempted by the SLAM transaction since it has less priority. However, the SLAM
transaction is preempted during activity “gather laser range” and during activity “estimate location of robot”, resulting in a
worst case response time of 168 msecs.



Processing_Resource (

Type => Fixed_Priority_Processor,
Name => Processorl);
Transaction (
Type => Regular,
Name => Slam,
External_Events => (
(Type => Periodic, Name => E2, Period => 500)),
Internal_Events => (
(Type => regular, name => 05),
(Type => regular, name => 06),
(Type => regular, name => 07,

Timing_Requirements => (
(Type => Hard_Global_Deadline, Deadline => 500, referenced_event => E2))),
Event_Handlers => (
(Type => Activity, Input_Event => E2, Output_Event => 05,

Activity_Operation => LaserScanner, Activity_Server => Task2_1),
(Type => Activity, Input_Event => 05,0Output_Event => 06,

Activity_Operation => MotionControl Activity_Server => Task2_2),
(Type => Activity, Input_Event => 06, Output_Event => 07,

Activity_Operation => LaserAndGridBasedSLAM, Activity_Server => Task2_3)));

Figure 18. MAST file with the information extracted from the H specification of the modules in charge of robot simultaneous localization and
mapping (see text).

Real_Time_Situation ( Model_Name => H Example,);

Transaction (
Name => navreact,
Results =>
((Type => Timing_Result,
Event_Name => ol,
Num_Of_Suspensions => 0,
Worst_Blocking_Time => 0.000,
Worst_Global_Response_Times =>
((Referenced_Event => el,
Time_Value => 2.000)),
Best_Global_Response_Times =>
((Referenced_Event => el,
Time_Value => 0.000)),
Jitters =>
((Referenced_Event => el,
Time_Value => 2.000))),
(Type => Timing_Result,
Event_Name => 02,
Num_Of_Suspensions => 0,
Worst_Blocking_Time => 0.000,
Worst_Global_Response_Times =>
((Referenced_Event => el,
Time_Value => 3.000)),
Best_Global_Response_Times =>
((Referenced_Event => el,
Time_Value => 0.000)),
Jitters =>
((Referenced_Event => el,
Time_Value => 3.000))),
(Type => Timing_Result,
Event_Name => 03,
Num_Of_Suspensions => 0,
Worst_Blocking_Time => 0.000,
Worst_Global_Response_Times =>
((Referenced_Event => el,
Time_Value => 11.000)),
Best_Global_Response_Times =>
((Referenced_Event => el,
Time_Value => 0.000)),
Jitters =>
((Referenced_Event => el,
Time_Value => 11.000))),
(Type => Timing_Result,
Event_Name => o4,
Num_Of_Suspensions => 0,
Worst_Blocking_Time => 0.000,
Worst_Global_Response_Times =>
((Referenced_Event => el,
Time_Value => 13.000)),
Best_Global_Response_Times =>
((Referenced_Event => el,
Time_Value => 0.000)),
Jitters =>

((Referenced_Event => el,
Time_Value => 13.000)))));




Transaction (

Name => slam,
Results =>
((Type => Timing_Result,
Event_Name => 05,
Num_Of_Suspensions => 0,
Worst_Blocking_Time => 0.000,
Worst_Global_Response_Times =>
((Referenced_Event => e2,
Time_Value => 15.000)),
Best_Global_Response_Times =>
((Referenced_Event => e2,
Time_Value => 0.000)),
Jitters =>
((Referenced_Event => e2,
Time_Value => 15.000))),
(Type => Timing_Result,
Event_Name => 06,
Num_Of_Suspensions => 0,
Worst_Blocking_Time => 0.000,
Worst_Global_Response_Times =>
((Referenced_Event => e2,
Time_Value => 168.000)),
Best_Global_Response_Times =>
((Referenced_Event => e2,
Time_Value => 0.000)),
Jitters =>
((Referenced_Event => e2,
Time_Value => 168.000))),
(Type => Timing_Result,
Event_Name => o7,
Num_Of_Suspensions => 0,
Worst_Blocking_Time => 0.000,
Worst_Global_Response_Times =>
((Referenced_Event => e2,
Time_Value => 170.000)),
Best_Global_Response_Times =>
((Referenced_Event => e2,
Time_Value => 0.000)),
Jitters =>
((Referenced_Event => e2,
Time_Value => 170.000)))));

Figure 19. Results of the MAST analysis on the example of figures 17 and 18.

5 A Case of Study

Here we consider a case of study apart from typical industrial applications to illustrate the wide applicability of a
heterogeneous-based specification. It is a domotic application (Fig. 20) aimed to maintain a certain temperature and light
conditions by controlling motorized blinds and windows. Briefly, this application is composed of a conventional PC that
receives remote sensor information from different motes or microcontrolled sensors distributed along the considered
environment. A SCADA software is to be run on the PC to monitor sensor data as well as to generate control actions for the
blinds and windows motors. In the following we describe in more detail than the examples of previous sections the hardware
and software considered for this application and the design and implementation of a control and SCADA software using H
and the BABEL tools. It will be shown that, in spite of the apparent simplicity of this case of study, heterogeneity becomes an
unavoidable and relevant ingredient, and that it is correctly dealt with at all the stages of the software lifecycle.
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Figure 20. A case study of a domotic application. lllustrative scheme of the application with the elements involved and their network connections.




5.1 Hardware and Software Platforms
At the field level, the application entails the following sensors, actuators, and controllers:

1. A number of motes distributed over the scenario, providing information about temperature and
light conditions. Motes are designed with an ATMega128 microcontroller [12] that registers data from a temperature
sensor ADT7301 [4] and a light sensor LX1970 [42], which are transmitted through a Zigbee Series 2 module [41]
configured to carry out point-to-point communication. For increasing heterogeneity, we also consider a different
version for the motes relying on Bluetooth communication, through a Blueetooth module [52].

2. A conventional PC that generates the control actions to be carried out in order to keep a given
reference of light and temperature according to the current values provided by the motes.
3. A number of actuators [46] connected to both the blinds and windows of the scenario to perform

move-up/down and close/open operations, respectively.

All these devices are to be connected through a heterogeneous network: actuators use an AS-i bus to reach the PC (using
an AS-i PCI Board [10]) while motes are connected to the PC by means of Zigbee and Bluetooth networks.
Concerning the software, there are three programmable devices in our example:

Motes microcontrollers, that use a particular assembler language. Code for these processors can be written in C or C++
on a PC by using high-level programming tools [12]. Binary files are automatically transferred to the microcontrollers via
JTAG connections.

The PC in charge of the SCADA front-end runs a MS-Windows XP OS [45], and can be programmed in a variety of
languages. This computer will serve both as a development and as an execution environment. We will choose JAVA [65] for
programming our front-end due to its graphical capabilities and portability among platforms.



Module structural design SCADAFrontEnd
Description: "Graphical Front-End for the SCADA system"
Author: "MAPIR"
Signal definitions

signal MotorError
description: "Signalled when a motor actuation fails. This signal serves to stops the sending
sensor information service from the mote’s modules"
end signal MotorError

signal StateOK
description: "Signalled when the system is ready to work. This signal serves to (re)starts the
sending sensor information service from the mote’s modules"
end signal StateOk

End signal definitions

Service GraphicalInterface
Characteristics: monitor, permanent;
Priority: unprioritized;
Description: "This service is in charge of creating and maintaining the"
"graphical interface for user interaction"
End service GraphicallInterface

Service InputUserValues

Characteristics: reentrant;

Priority: unprioritized;

Description: "This service changes the reference values for temperature and light conditions”
End service InputUserValues

Service GenerateControlAction

Priority: prioritized;

Characteristics: monitor, permanent;

Description: "Generate the proper motor action based on the current sensor data and the user inputs"
End service GenerateControlAction

Service SendMotorCommand

Priority: prioritized;

Characteristics: monitor, permanent;

Description: "Send the command signals to the motors"
End service SendMotorCommand

Service SuspendSystem

Priority: prioritized;

Description: "Stop the system temporarily"
End service SuspendSystem

Service ResumeSystem
Priority: prioritized;
Description: "Resume the system "
End service ResumeSystem

Event handler ReportSensorData

Priority: 10

Characteristics: reentrant;

Inputs: long moteid, float tempdata,float lightdata;

Description: "Receives data information from the mote identified with the mote id parameter"
End event handler ReportSensorData

End module structural design SCADAFrontEnd

Module abstract structural design FieldDevice
Description: "An abstract module that encapsulates a general device"
Author: “MAPIR”

Data definitions
enum DeviceStatus {ok, stopped, failure};
End data definitions

Service GetStatus

Characteristics: reentrant;

Priority: dynamic

Outputs: DeviceStatus st;

Description: “Return the current status of device”
End service GetStatus

End module structural design FieldDevice

Module structural design Mote inherits from FieldDevice




Description: "Module that encapsulates a mote "
Author: "The H Team"
Service Data_Gathering
Characteristics: monitor, permanent;
Priority: dynamic
Description: "Get sensor data and communicate it to a SCADA service"
End Service Data_Gathering
Service Suspend
Priority: prioritized;
Description: "Suspend the ProvideSensorData service "
End service Suspend
Service Resume
Priority: prioritized;
Description: "Resume ProvideSensorData service if it is in suspension”

End service Resume

End module structural design Mote

Figure 21.Structural designs of the ScadaFrontEnd and Mote modules; the Mote module inherits from an abstract FieldDevice module.

5.2 Designing the Application with H

In the design of this case of study application with the H language we can distinguish two main kinds of modules: the
SCADA Front-End module and the Mote module. Fig. 21 shows an example of the structural designs for both of them, taking
into account that the Mote module inherits from an abstract FieldDevice module. No dependency on a given hardware or
software is needed at this stage, and thus the portability and reusability of these structural designs is maximum.

The next step is to design the codifications for these structural designs, i.e., programming, but taking advantage of the
fine-grained portability facility provided by H atoms. In this way, heterogeneity is dealt with for the first time. Firstly, specific
programming languages must be selected. As commented before, we will choose JAVA for the SCADA Front-End and C for
the microcontrollers. Also, some information about the particular platforms considered for executing the codifications can be
included. Notice that through the use of H atoms, most parts of the codification will still remain portable. Fig. 22 shows some
fragments of the codifications of these modules.



Module codification design ATMEGAZigbeeMote implements Mote
Description: "Codification of the sensor data gathering logic for the ATMEGA-Zigbee motes"
Author: "The H Team"
Codification language: ansi-c
Service Data_Gathering, timing 10 milliseconds .. 100 milliseconds
// Accesses to the temperature sensor

// Accesses to the light sensor

// Convert voltages values into degrees and lux units

# H-atom (JAVASCADAFrontEnd, ReportSensorData, moteid,datal,data2)

End service Data_Gathering
End module codification design ATMEGAZigbeeMote

Module codification design JAVASCADAFrontEnd implements SCADAFrontEnd
Description: "Codification of the graphical front—-end in JAVA with swing"
Author: "The H Team"

Internal status: float desired_temp, current_temp;

float desired_light, current_temp;

end internal status

Startup logic
desired_temp=25.0;desired_1light=1000.0;
# H-atom(Critical-zone-create, "1")

end startup logic

Codification language: java-2.0

// The other services written here

Service InputUserValues
desired_temp=input_temp;
desired_light=input_light;

End Service InputUserValues

Service ReportSensorData
# H-atom(Critical-zone-enter,'"1");
Current_temp[moteid]=tempdata;
Current_light [moteid]=1lightdata;
// the monitor services generate the control actions and send them to the motors
# H-atom(Critical-zone-leave, "1");

End Service ReportSensorData

End module codification design JAVASCADAFrontEnd

Figure 22. Codification designs of the Mote and JAVA front-end modules

The codification design for the motes based on Bluetooth technology is the same as the one shown in Fig. 22 for the Zigbee
motes, with the difference of the channel of communication. During code generation, the H-apc tool will accordingly
transform the H atom used for invoking the ReportSensorData from the JAVASCADAFrontEnd module into appropriate code,

without the burden of calling specialized APIs.

In addition to the design of modules and codifications, the particular platforms involved in the application must be

enumerated for an implementation to be produced. We give a table with the platforms of our example in Fig. 23.



Particular Platform General Platform Description

PC Hardware Platform A conventional PC in charge of the SCADA front-end

ATMEGA128 Hardware Platform Microprocessor in charge of accessing and registering sensor
data

Zigbee Maxtream Series 2 Communication Platform | Wireless communication for the motes

Bluetooth Parani ESD100 Communication Platform | Wireless communication for the motes

ATMEGA_RS232_Zigbee Communication Platform | Serial protocol between the ATMEGA128 processor and the
Zigbee module

ATMEGA_RS232_Bluetooth Communication Platform | Serial protocol between the ATMEGA128 processor and the

Bluetooth module

Zigbee_Windows Communication Platform | Communication platform for receiving data from Zigbee
networks

Bluetooth. Windows Communication Platform | Communication platform for receiving data from Bluetooth
devices

JAVA_VM Execution Platform The JAVA Virtual Machine for executing the front-end

AS-1PCI Communication Platform | Communication between the PC and the AS-I bus for

controlling the motors

Figure 23. List of particular platforms considered in the case of study.

The application structure can now be designed by simply listing the modules involved in the application (Mote, and
SCADAFrontEnd) as shown in Fig. 24.

5.3 Implementation, Execution, Debugging, and Maintainance with the H Tools

From the designs previously proposed, the H tools can produce implementations suitable for the particular targets we
intend to use. First of all, the implementation file serves as an index to collect all the modules and codifications involved in
the application. The H-apc tool is intended to produce the source code of complete programs from codifications, including
code for communications and support of the H atoms. The source code produced from each codification must be
compiled/linked by some existing software related to the codification language and to the target execution/hardware
platform where the module’s codification will be run. For example, for the Mote modules codifications the C source code
must be compiled/linked in order to build programs suitable to be run on the ATMEGA microcontrollers; for the SCADA
Front-End, the JAVA compiler must be executed to produce a JAVA bytecode program. Once the codifications have been
transformed into executable, independent programs, they must be transferred to the corresponding execution/hardware
platforms.

The second H tool to use is the H-apx. It is in charge of launching the codifications by following the sequence order
specified in the implementation. Our current version would be able to do this from a centralized computer in a network using
TCP/IP communications. Further extensions are needed to include remote launching for the motes programs.

Once the application is terminated (which can be commanded also from the H-apx), the debugging results can be collected
and passed to the H-apl.

Finally, all the files involved in the application are intended to be stored in our BABEL web site (currently they are
compacted into a single file) for maintenance. This site will also provide facilities to check some dependency problems
between modules and the satisfaction of real-time requirements.



Implementation OurImplementation for
CaseStudyApplication

Description: "An implementation that uses the codifications given previously"
Author: "The H Team"
Platforms:
EntrerprisePCl is PC,
OurCopyofJAVAVM is JAVA_VM,
ZigWin is ZigbeePCI
BlueWin is BluetoothUSB
AT1, AT2, AT3 are ATMEGAl28,
Zigl, Zig2 are Zigbee Maxtream Series ITI,
Blue is Bluetooth Module,
AT-Zig-1, AT-Zig-2 are ATMEGA-RS232-Zigbee,
AT-Blue is ATMEGA-RS232-Bluetooth,
ASIPC is AsiPCIBoard
Support:
EntrerprisePCl supports OurCopyofJAVAVM,ASIPC, ZigWin, BlueWin
AT-Zig-1 supports Zigl,AT1,
AT-Zig-2 supports Zig2,AT2,
AT-Blue supports Blue,AT3,
Deployment:
JAVASCADAFrontEnd deployed on EnterprisePCl order 0
Mote replica 0 deployed on AT-Zig-1 order 1
Mote replica 1 deployed on AT-Zig-2 order 2

Mote replica 2 deployed on AT-Blue order 3
End application CaseStudyApplication

Aplication CaseStudyApplication

Description: "Design of the application from a structural point of view"
Author: "The H Team"

Modules: SCADAFrontEnd, Mote

End application CaseStudyApplication

Figure 24.The application file and a particular implementation of the Case of Study

6 Conclusions

We have presented in this work H, a specification language for designing highly heterogeneous component-based
applications that copes simultaneously with diverse issues that are usually dealt with separately in other solutions. H is

included in the BABEL component development framework, which also offers a component framework (design,

implementation, debugging, execution and maintenance tools), and some ERT features like real-time and fault-tolerance

aspects. The main feature of H is its ability for capturing the inherent heterogeneity that exists in most of the industrial,
embedded, and robotics hardware and software applications. Furthermore, H specification offers the possibility of analysing
the real time characteristics of the application. A case of study has been presented, which illustrates the suitability of H for

designing and implementing highly heterogeneous applications.

In the future we plan to continuing enriching the H specification and to provide a stable and portable implementation of

the H-tools for this new version. Also, we intend to use our framework in other domains in order to identify and cover

further heterogeneous issues.

Appendix A

In this appendix we include the basic lexical and grammatical terms for the syntax followed in this work.



HDL_data_type

HDL_data

list_of_HDIL_data
list_of_HDL_defs

time_unit

time_units

time_value

timing_range

signal_def

end signal <signal name>

list_of_signals_defs

signal_id

serv_char

list_of_serv_chars
handler_prio_level

service_prio_level

list_of_paths

codif_language

general_platform
repeatable_module
list_of_repmodules
platform_instance

list_of_platform _instances

platform_support
list_of_supports

FT

list_of_FTs

codif_deployment

list_of_deployments

/HDL_data_type/ <data identifier> [range <minimum value that can have the data> .. <maximum
value> units <units for these values: a text abbreviation, usually> ]
= /HDL_data/ | /HDL_data/ , /list_of_HDL_data/
= /HDL_data_type/ ; | /HDL_data_type/ ; /list_of_HDIL_defs/
:= year | day | hour | minute | second | tenth | hundredth | millisecond | microsecond |
nanosecond
:= [ /time_unit/ | /time_unit/s ]
= <an integer> /time_units/ | unspecified

/time_value/

signal <signal name>

[<module name>::]<signal name>

reentrant

<module name>

uses <particular platform instance (fault-tolerance)> for [active replication | passive
replication [with timeout /time_value/] ]
/ET/ ; | /FT/ , /list_of_FTs/

= [repetition <identifier> of] <codification name> [replica <positive integer>] deployed
on <particular platform instance (hardware or execution)> [priority <positive
integer>] [order <positive integer>] [pause [ /time_value/ | user ]] [logging
[on|off]] [cl-arguments “text with command line arguments for the executable
program”]

<OMG’s IDL data type definition>

/time_value/

“description and purpose of the signal”
/HDL_data_type/ ]

description:
[ parameter:

/signal_def/ | /signal_def/ /list_of_signals_defs/

| monitor | permanent [ [absolute] /time_value/]

/service_char/ ; | /service_char/ , /list_of_serv_chars/

= unprioritized | prioritized | <positive integer>

/handler_prio_level/ | dynamic

<complete path of a file> ; | <complete path of a file> , /list_of_paths/

iso-cpp | ansi-c | java-2.0 | i805l1-asm | step-5-awl ..

hardware | execution | communication | real-time | fault-tolerance

<module name> [ repeated {<identifier> , /list_of_ids/} ]

/repeatable_module/ , /list_of_repmodules/

/repeatable_module/ |

= ([,] <particular platform instance>)+ [is|are] <platform name>

/platform_instance/ , /list_of_platform_instances/

/platform_instance/ |

<platform instance name> supports (<platform instance name>

1)+

/platform_support/ ; /list_of_supports/

/platform_support/ ; |

/codif_deployment/ ; /list_of_deployments/

/codif_deployment/; |

Figure 25. Syntax of the basic terms of H.

Syntax Symbol Use
[1 Optional element (zero or one instances of the element inside the square brackets)

\ Separates exclusive options. If used inside a square bracket construct, the square brackets change their meaning to “exactly one option of]
the elements inside the brackets”. If those square brackets are appended with a ‘+’ (plus) symbol, then more than one of the inside
elements can be selected (but at most, one of each).

Represents an unbounded number of options, or more precisely, a list of elements that can be extended in the future.

() + Indicates one or more repetitions of the element inside the parentheses.
{} Indicates zero or more repetitions of the element inside the curly braces.
// The text inside the slashes is a non-terminal defined in Fig. 25.
<> The text inside the angle brackets is an identifier.
keyword A keyword of the metalanguage. Keywords compound of more than one word exist.




Code Piece of code written in some codification language. It must be enclosed in {—={ .. }-=} in order to isolate it from the rest of the
metalanguage.
/... A comment that ends with the line.
/¥ A comment that does not end with the line. It cannot be nested with other comments.
//-// ... //-//  |The text within both delimiters is a piece of code written in some programming language.

Figure 26. Basic lexical terminals of H.

References

[1] A.Tesanovic A., D. Nystrom, J. Hansson, and C. Norstrom. Aspects and components in real-time system development: Towards reconfigurable and reusable
software. Journal of Embedded Computing, February 2004.

[2] Aarsten A., Elia G., Menga G. (1995). G++: A Pattern Language for the Object Oriented Design of Concurrent and Distributed Information Systems, with
Applications to Computer Integrated Manufacturing. Pattern Languages of Program Design, Software Patterns Series, Addison-Wesley.

[3] Akerholm M., Carlson J., Fredriksson J., Hansson H., Hakansson J., Moller A., Petersson P. and Tivoli M. (2007). The SAVE approach to component-based
development of vehicular systems . The Journal of Systems and Software. Vol 80, n°5, pp. 655-667.

[4] AnalogDevices, ADT7301 Digital Temperature Sensor. http:/ /www.analog.com

[5] Angelov C. and Sierszecki, K. (2004). A software framework for component-based embedded applications. 11th Software Engineering Conference, pp. 655-
662.

[6] Angelov C., Sierszecki K., Marian N., and Ma J.. A formal component framework for distributed embedded systems. LNCS, 4063:206-221, 2006.

[71 Appel A., Herold S., Klus H., Rausch A. (2008). Modelling the CoCoME with DisCComp. LNCS 5153, pp 267-296, 2008

[8] Articus Systems. Rubus component model. http://www.arcticus-systems.com, 2007.

[9] Artist Design NoE - Homepage. (2009). http:/ /www.artist-embedded.org/artist

[10] AS-iPCI, 2008: AS-i Master Board BW1922, Bihl+Woiedemann, http:/ /www.bihl-wiedemann.de/englisch/index.html

[11] Atkinson C., Bostan, P, Brenner et al. (2008). Modeling Components and Component based System in KobrA. LNCS 5153, pp 54-84, 2008

[12] ATMEL, ATMEGA128 Microcontroller. http:/ /www.atmel.com.

[13] BABEL Development System Homepage (2011). http:/ /babel.isa.uma.es/babel2/

[14] Bachman F., Bass L., Buhman C., Comella-Dorda S., Long F., Robert J., Seacord R. and Wallau K. (2000). Technical Concepts of Component-Based Software
Engineering, 2nd Edition. Technical Report CMU/SEI-2000-TR-008, ESC-TR-2000-007. Software Engineering Institute, Carnegie Mellon University.

[15] Blanco J.L., Gonzalez J., Fernandez-Madrigal J.A.. Extending Obstacle Avoidance Methods through Multiple Parameter-Space Transformations, Autonomous
Robots, vol. 24, no. 1, pp. 29-48, 2008.

[16] Breivold H. P. and Larsson M. (2007). Component-Based and Service-Oriented Software Engineering: Key Concepts and Principles. 33r¢ EUROMICRO
Conference on Software Engineering and Advanced Applications.

[17] Brugali D. and Fayad M.E. (2002). Distributed Computing in Robotics and Automation. IEEE Trans. On Robotics & Automation, vol. 18, no. 4.

[18] Bruneton, E., Coupaye, T., Leclercq, M., Quema, V., Stefani, |.B (2006): The FRACTAL component model and its support in Java. Softw., Pract. Exper. 36(11-
12) 2006.

[19] Bulej L, Burés T., Coupaye T. et al (2008). CoCoME in Fractal. LNCS 5153, pp 357-387, 2008

[20] Chaki S., Ivers J., Sharygina N., and Wallnau K. The comfort reasoning framework. LNCS, 3576:164, 164-169, 2005

[21] Coulson, G., Blair, G., Grace, P., Taiani, F., Joolia, A., Lee, K., Ueyama, ]J. and Sivaharan. (2008) A Generic Component Model for Building Systems Software.
ACM Transactions on Computer Systems, Vol. 26, No. 1, Feb.

[22] Crnkovic I. and Larsson M. (2001). Component-Based Software Engineering - New Paradigm of Software Development. Invited Talk & Invited Report,
proceedings of MIPRO 2001.

[23] Enterprise JavaBeans Techology (2010). http:/ /www.oracle.com/technetwork/java/index-jsp-140203.html

[24] Ferndndez-Madrigal J.A., Cruz-Martin A., Galindo C., Gonzélez J. (2009), "Heterogeneity as a Corner Stone of Software Development in Robotics", Software
Engineering and Development, chapter 2, pp. 13-22.

[25] Ferndndez-Madrigal J.A., Galindo C., Cruz-Martin A., Gonzalez J. (2007) The H Metalanguage and the H Tools. System Engineering and Automation Dpt. -
University of Malaga (Spain).

[26] Ferndndez-Madrigal J.A., Galindo C., Gonzélez J., Cruz-Martin E., and Cruz-Martin A. (2008). A Software Engineering Approach for the Development of
Heterogeneous Robotic Applications, Robotics and Computer-Integrated Manufacturing, vol. 24, no. 1, pp. 150-166.

Reliability. LNCS 5153, pp 327-356, 2008

[29] Grassi, V., Mirandola, R., Sabetta, A.: Filling the gap between design and performance/ reliability models of component-based systems: A model-driven
approach. J. Syst. Softw. 80(4), 528-558 (2007)

[30] Guerraoui R. and Schiper A. (1997). Software-Based Replication for Fault Tolerance. IEEE Computer. Vol. 30, n.
4.

[31] Hamlet D. Defining predictable assembly. LNCS, 4063:320-327, 2006.

[32] Hansson H., Akerholm M., Crnkovic I. And Térngren M. (2004). SaveCCM - a component model for safety-critical real-time systems. Proceedings of the 30th
EUROMICRO Conference (EUROMICRO’04).

[33] Henning M., (2006), “The rise and fall of CORBA”, ACM Queue, Component Technologies, vol. 4, no. 5, pp. 28-34.

[34] Ke X., Sierszecki K., and Angelov C. (2007). COMDES-II: A Component-Based Framework for Generative Development of Distributed Real-Time Control
Systems. Proceedings of the 13th IEEE International Conference on Embedded and Real-Time Computing Systems and Applications, pp. 199-208.

[35] Knapp A., Janisch S., Hennicker R., et al. (2008. Modelling the CoCoME with the JAVA /A Component Model. . LNCS 5153, pp 207-237, 2008.

[36] Krogmann K, Reussner R. (2008), Palladio-Prediction of Performance Properties. LNCS 5153, pp 297-326, 2008

[37] Lin C.-P. and Jeng M. (2006) A expanded SEMATEHC CIM framewoark for heterogenous applications integration. IEEE Transactions on Systems, Man and
Cybernetics, Part A. Vol. 36, n° 1, pp. 76-90.

[38] Machine Perception and Intelligent Robotics Group Homepage. (2010). http://mapir.isa.uma.es

[39] Martens, A.: Empirical Validation of the Model-driven Performance Prediction Approach Palladio. Master’s thesis, Universit at Oldenburg (2007)
[40] MAST homepage http://mast.unican.es/

[41] MaxSteam, ZigBee Series 2. http:/ /maxtream.net

[42] Microsemi Compatni, LX1970 Light Sensor. http://microsemi.com

[43] Microsoft .NET Framework (2010). http:/ /http:/ /www.microsoft.com/net/

[44] Microsoft Component Object Model (2010). http:/ /www.microsoft.com/com/default.mspx

[45] Microsoft (2007). http://www.microsoft.com

[46] MOVIMOT (2007). http:/ /www.sew-eurodrive.com




[47] Mozilla XPCOM (2010). https:/ /developer.mozilla.org/en/XPCOM

[48] Miiller P., Zeidler C. and Stich C. (2001). PECOS - Pervasive Component Systems. Workshop on ”“Open Source Technologie in der
Automatisierungstechnik”, GMA Kongress.

[49] OMG IDL (2010). http://www.omg.org/ gettingstarted /omg_idlLhtm

[50] OMG's CORBA Web Site (2010). http://www.corba.org

[51] OpenCom Homepage. (2010). http:/ /opencomc.sourceforge.net/

[52] Parani ESD100, Bluetooth OEM module. http:/ /www.sena.com

[53] PECOS Project (2002). http://scg.unibe.ch/archive/pecos/index.html

5153. Springer-Verlag.

[55] Rausch, A.: DisCComp - A Formal Model for Distributed Concurrent Components. In: Workshop Formal Foundations of Embedded Software and
Component-Based Software Architectures (FESCA 2006) (2006)

[56] Rubus Component Model (2010). http:/ /www.arcticus-systems.com/html/tech-rubus-cm.html

[57] Schéfer T., Knapp A., Merz S. Model Checking UML State Machines and Collaborations Electronic Notes in Theoretical Computer Science vol. 47 pp 1-13.
(2001)

[58] Schmid H. A. (1995). Creating the Architecture of a Manufacturing Framework by Design Patterns. Tenth annual conference on Object-oriented
programming systems, languages, and applications, Austin, TX, pp. 370 - 384.

[59] Schmid H. A. (1996). Creating Applications from Components: A Manufacturing Framework Design. IEEE Software, Volume 13, Issue 6, November, pp. 67 -
75.

[60] Schmidt D. ACE+TAO Corba Homepage (2010). http://www.cs.wustl.edu/~idt

[61] Seinturier, L., Pessemier, N., Duchien, L., Coupaye, T.. A Component Model Engineered with Components and Aspects. In: Gorton, 1., Heineman, G.T.
Crnkovié, 1., Schmidt, H.W., Stafford, J.A., Szyperski, C.A., Wallnau, K. (eds.) CBSE 2006. LNCS, vol. 4063. Springer, Heidelberg (2006)

[63] Sematech (1998) SEMATECH, Inc. Computer Integrated Manufacturing (CIM) Framework Specification Version 2.0. Austin, TX, January.

[64] Software Engineering Institute (Carnegie Mellon). The PACC project. http:/ /www.sei.cmu.edu/pacc/index.html, 2007.

[65] Sun (2007). Sun’s JAVA homepage (2007). http://www.sun.com/java/

[66] SYCO G++ Software Development Environment (2002). http://www.syco.it

[67] Thrun S., Burgard W., and Fox D. Probabilistic Robotics (Intelligent Robotics and Autonomous Agents), 2001.

[68] Winter M. , Genfler T., Christoph A., Nierstrasz O., Ducasse S., Wuyts R. , Arévalo G., Miiller P. , Stich C. and B. Schonhage . (2002). Components for
Embedded Software — The PECOS Approach . Proc. International Conference on Compilers, Architecture, and Synthesis for Embedded Systems (CASES "02).




