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1 Introduction 

This document describes the contributions from CONTREX to the modeling needs expressed 

by the partners and initially described in the DoW. It represents the outcome of the work done 

in task T2.1 of WP2, denominated ñMeta-model for heterogeneous, distributed, control 

systemsò. 

The DoW includes the following modeling aspects as requirements that need to be addressed, 

and hence may impact on the meta-model: 

¶ The ability to establish concrete views (concerns) for each non-functional property (NfP) to 

be modeled. Besides functional behavior, this comprises: time, power, and temperature.  

¶ The specification of diagrams/languages to handle the different perspectives in the design 

process. Perspectives explicitly mentioned are: Feature, Functional, Logical, Technical, and 

Geometrical.  

¶ The capacity to represent all these views and perspectives at progressively richer levels of 

detail, coming from highly abstract specification levels to the physical implementation one. 

Specific abstraction levels are: Requirements, system, virtual resources, nodes, and system-

on-chip. 

¶ Specific aspects to be supported are in the domains of: control systems, mixed-criticality, 

and networking. 

The multiple aspects here mentioned can be seen in Figure 1.1 (taken from the description of 

work).  

 

Figure 1.1: Prospective organization of models made with the CONTREX meta-model 
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This picture shows a prospective organization/categorization of models that can be made by 

using elements proposed in the CONTREX meta-model in specific diagrams. The idea of these 

models is to support a meet-in-the-middle approach to link mixed-critical system design with 

annotated extra-functional requirements (top-down) with extra-functional properties from 

execution platform services (bottom-up). Perspectives: Divide the description of a system 

within a level of abstraction into different aspects: user's perspective (e.g. functional and 

requirement aspects), logical perspective, technical perspective, geometric perspective; 

Abstraction Levels: Allow the description of the same system with different levels of detail and 

possibly different description techniques; Viewpoints: Divide the view of a component within 

a perspective based on functional / extra-functional properties of this component (E.g. behavior, 

real-time, power, temperature, etc.) 

It is important to note that the actual satisfaction of these requirements implies in practice 

requirements for a modeling methodology, and development practices. These will in their turn 

require support from the underlying modeling language and hence from the corresponding 

meta-model (if expressed on MOF or ecore for example). However, the aforementioned 

requirements will not necessarily require by themselves new modeling elements directly 

inserted in the modeling language (i.e. in the meta-model). 

1.1 Strategy for the construction of the CONTREX Meta-model 

In the information science context, an ontology can be understood as a set of concepts within a 

domain, where such concepts refer to elements and their interrelationships, and to their types,  

attributes and an associated semantics which makes sense in that domain. Stating an ontology 

means stating a common vocabulary (terms and their syntax) and semantics. 

The definition of a common agreed ontology is especially important in a project like 

CONTREX, where multiple partners with different interests, providing different tools, which 

in turn handle different information, and likely making different presumptions and 

interpretations of the same or similar concepts. A synergistic integration of techniques, tools, 

and flows requires an early joint effort in the definition of a common ontology. 

The term meta-model can be taken as a synonymous of ontology in a model-driven context. In 

model-driven approaches, such as MOF or Ecore, an ontology can be captured (e.g. as an Ecore 

model), and then the standards and/or tool infrastructure around that meta-model (e.g. for model 

transformation languages and engines, for code generation languages and engines, etc) can be 

exploited. 

In the context of this document, meta-model will be used as synonymous of ontology, and will 

be the term used extensively because indeed, this work takes MARTE, a well-known standard 

in the model-driven context, as a reference and starting point for the generation of an ontology 

for CONTREX, which will be called CONTREX meta-model. 

Adopting the MARTE domain views meta-models as a starting point and reference work, 

was a first strategic decision. The MARTE meta-model reflects an actual and unambiguous 

ontology, covering the modeling and design of real time embedded systems, and thus avoiding 

to tackle the build of a large ontology from scratch, and so reuse an important amount of 

previous meta-modeling effort. 
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A second relevant point is that the definition of the CONTREX meta-model has come after a 

survey on the consortium scope, in order to ensure that the meta-model cover the needs of the 

current and coming modeling and design practices of the consortium. 

Moreover, the design of the meta-model has considered an analysis on the state of art on both 

safety-standards and research work, especially to encompass relevant aspects of CONTREX, 

namely control, networking and mixed-criticality, in order to promote a widen applicability of 

the meta-model. 

It is important to note that the CONTREX meta-model does not commit the adoption of a 

model-driven or even a UML front-end (this is applicable to both CONTREX partners and 

potential third party users). To the contrary it provides a set of useful and agreed (in the ambit 

of the project) set of terms for the modeling of mixed-critical distributed embedded systems. 

At the same time, the CONTREX meta-model contributes an extension to the MARTE meta-

model, which can be implemented either as an extension of the MARTE profile, or as a specific 

CONTREX profile, and which can be used by UML-based methodologies and tools.  

In order to clarify the previous claims, it is convenient to consider the conceptual organization 

of the MARTE standard, sketched in Figure 1.2. 

 

Figure 1.2: Structure of the MARTE standard. 

The MARTE standard is expressed as a profile that extends the UML meta-model. The 

document is organized in sections, each presenting a sub-profile. The explanation of the 

concepts that are included in each sub-profile is made in two parts.  First all concepts are 

presented in the form of a meta-model with comprehensive text describing its semantics in the 

context of the modeling and analysis of real-time and embedded systems. These parts are called 

the ñdomain viewò. In a second and normative part, called the ñUML representationò, those 

concepts are mapped either to concrete elements of the UML meta-model, or to the necessary 

extensions to UML, which are made in the form of stereotypes collected in the corresponding 

sub-profile. Therefore, notice that the ñMARTE Profileò box in Figure 1.2 refers to both 

elements already comprised in UML, capable to support the concepts of the domain view, and 

the new stereotypes. In turn, these stereotypes are organized and presented in diagrams that 

follow the structure of packages used to describe the corresponding meta-models in the domain 

view. 

Once this is taken into account, the approach adopted has been to build the CONTREX meta-

model by: 
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¶ Selecting and taking from the MARTE meta-model (domain view) all the concepts 

required by CONTREX that are already in MARTE. 

¶ Provide as an extension of the MARTE meta-model (domain view) all the concepts 

required by CONTREX that are not present in MARTE. This extension has been done 

as specializations (by inheritance) or as additions to the domain views of the MARTE 

model libraries. 

The result is the CONTREX meta-model, a meta-model oriented to the modeling and design of 

mixed criticality distributed systems, and which means at the same time a focused application 

of the standard and potentially a novel contribution to the MARTE standard itself.  

Then, notice that the CONTREX meta-model may be implemented as either: 

¶ A domain specific language, e.g. based on a specific syntax or wrapped by a host 

language such as XML (shown as (1) in Figure 1.3). 

¶ As UML profile, which could be in turn done either as a MARTE profile extension, or 

as the addition of the MARTE profile plus a CONTREX specific profile (the approach  

exemplified as (2) in Figure 1.3), with potentially a new graphical notation and specific 

ad-hoc support. 

Therefore, as it was claimed before, the CONTREX meta-model does not enforce a specific 

implementation. 

 

Figure 1.3: The CONTREX meta-model has been generated by selection on the MARTE 

domain-view, and by extending such a domain view for supporting relevant concepts, related 

to mixed-criticality (MC) and network modelling. 
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2 Analysis of the Requirements for the CONTREX meta-
model 

This section, reports the main features that need to extend the reference the MARTE meta-

model, in order to fulfil the expectations of the CONTREX meta-model, for satisfying the needs 

of the consortium, and to make it suitable for control-oriented, mixed-criticality embedded 

distributed systems. Before doing so, namely the main sources for the analysis, namely, the 

consortium-context survey, and the analysis of the State-of-Art (SoA) on research and available 

standards, is reported. 

2.1 Results of the survey 

The initial step for the composition of the meta-model was to explore in detail the state of the 

art in the modeling of embedded systems, networking and mixed critical systems, plus the needs 

of the consortium. To do this, besides the traditional literature and industrial standards 

exploration, a survey was issued to the consortium and then the responses received from the 

interested partners were analyzed as initial requirements for the meta-model. This has also 

served as a way to know a bit better some of the technical challenges that each partner is willing 

to face in the context of CONTREX. 

Annex B holds a set of tables that summarize the full results of the survey realized at the 

beginning of this effort. Also there the questionnaire of the survey itself is presented for 

documentation purposes. Here we summarize some concrete requirements expressed in the 

responses that have influenced this meta-model. 

Please note that the survey has been used to obtain data related to several other labors in WP2, 

not only for the meta-modeling activity in Task 2.1. In particular a significant number of 

requirements are actually addressed by the different modeling methodologies that will be 

prepared in Task 2.2. Here we consider those that are relevant for the meta-model only. 

The following paragraphs condensed most of the needed requirements: 

It should be possible to express in the meta-model block diagrams and state diagrams (resp. 

real-time state charts) 

 

A methodology that enables the user to define a design space (mainly regarding the HW/SW 

mapping) for a system whose components may have different criticalities 

 

We expect CONTREX to introduce techniques for abstraction at all levels (from hardware 

representation to design modeling) that will increase our flexibility in several directions: 

architectural design alternatives, hardware alternatives, quality of service tradeoffs, 

introduction of new features for optimizing other extra functional characteristics than just 

timing ï such as power and thermal characteristics. 

We assume that the CONTREX meta-model will be coherent with the design methodologies of 

the CONTREX partners that we are planning to experiment with during the project. This 

includes the platform modeling techniques proposed by partner EDALabs and the application 

modeling techniques proposed by partner KTH. We hope that these will all be aligned so that 

we do not have to switch between potentially confusing abstractions over the course of the 

project. 

 



CONTREX/UC/R/2.1.1  Public 

CONTREX System meta-model 

 Page 9 

To transform the constraint into a feature is one the results we expect.  

We want to use the meta-model for later development strategies in the early stages of the 

development process 

 

The proposed Joint Analytical and Simulation based DSE methodology in cooperation with UC 

and PoliMi should lead to a methodology that ensures the fulfillment of highly critical time 

constraints, while optimize the resources and/or performance for a finite set of resources for the 

remaining non-critical (or less critical) constraints referred to non-critical time constraints and 

other extra-functional constraints.  

For that, we believe that enabling an XML-based interface between tools is a practical and 

feasible approach. Moreover, such XML formats can be derived from model-based 

specifications through model-to-text tools. XML-to-XML transformation could be found also 

useful. 

The CONTREX meta-model shall provide a common vocabulary and semantics to ensure the 

coherence of the integration of the tools provided by KTH and other CONTREX tools provided, 

and to guarantee that it fulfills the expectations in terms of supported models and analysis. 

In particular: 

¶ The meta-model shall suit the ForSyDe methodology, which is based on models of 

computations, where systems are modeled as concurrent process networks, where 

processes (actors) only communicate via signals. 

¶ The meta-model shall be able to express models of computation. Most important for the 

project are the synchronous MoC, SDF-MoC and other analyzable data-flow MoCs. 

¶ Further, the meta-model shall also capture independent periodic tasks and task graphs.  

¶ The meta-model shall be able to express the platform at a high abstraction level so that 

it can be used for the analytical DSE. 

¶ The meta-model shall enable to express design constraints in several dimensions 

(throughput, power, é) of mixed-criticality. 

¶ The meta-model shall be able to express performance figures for an instantiation of an 

actor on a platform component (for instance execution time or memory size on a specific 

CPU). 

¶ The meta-model shall be able to express the results of the DSE, i.e. allocation of 

components, mapping of actors to components, and the scheduling of actors and 

communications on platform elements, and the corresponding performance metrics for 

the solution (i.e. throughput, memory size, utilization, power, é) 

 

We require a component model and attach extra-functional properties and constraints as 

contracts. Reason about compatibility of functional and extra-functional contracts horizontally 

(composition of components on the same abstraction level) and vertically (refinement, 

decomposition and mapping of components towards implementation level). 

The goal is to obtain traceability (cause-effect analysis) from the specification to the 

implementation level. 
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For run-time services we expect to identify the modeling elements necessary to express the 

contracts and the necessary characterization of the platforms suitable for mixed critical 

applications. 

At design-time, we want to be able to do design space exploration by analyzing the performance 

of the complete mixed critical system and find the optimal pareto points 

We plan to use the meta-model to generate execution artifacts as well as simulation models 

from design intent models. We require from this meta-model the capacities needed to deploy 

them on distributed platforms as well as making the design space exploration including the 

criticality as an additional constraint to consider during the optimization process. 

2.2 State-of-the-Art 

Here we include summaries of the main aspects studied along this task due to its relevance for 

the definition of the modeling elements to include in the CONTREX meta-model. The research 

directions beyond our initial commitments come from the responses to the survey. The included 

ones are particularly of interest in the topics of modeling models of computation, mixed-

criticality and models for the validation/simulation of networking needs. 

2.2.1 Models-of-Computation 
Support of models of computation is an important feature for an abstract modeling and design 

methodology. By relying on Models-of-Computation (MoC in short) theory, a modeling 

methodology can guarantee properties such as functional determinism, continuity, deadlock 

protection, etc, which are difficult to obtain when concurrent models are tackled in an 

undisciplined way [6]. 

Moreover, Models-of-Computation theory concerns also to the support of heterogeneous 

models [6], that is models where different parts obey different MoCs. These types of models 

are inherent to the modeling of cyber-physical systems (CPS) [7]. Heterogeneous models will 

be required also in CONTREX, where not only the plant and the controlling system will likely 

required different MoCs. Moreover, a complex, distributed control system might require the 

modeling of RF parts, digital parts, and network parts relying on different MoCs. 

At the same time, model-driven development has introduced concepts which have proven to be 

useful in the complex and cooperative software development. This has motivated work such as 

the one developed by the University of Cantabria (UC), in the past [8]-[13], targeting a model-

driven methodology which not only coupled model-driven development (MDD) and electronic 

system-level (ESL) design, but also integrated MoCs theory. More specifically, in [8][9], 

elements from specific MARTE sub-profiles, specially, the Generic Resource Modelling or 

GRM, are selected to describe a MARTE modeling methodology supporting the description of 

the structure of concurrency (concurrent elements and communications among them) and 

semantics attributes that allow the association of the model to a specific MoC. It enabled the 

mapping of the MARTE model to a HetSC model. Later on, in [10][11] deeper arguments for 

the interoperability of MARTE and associated SystemC models where provided. A main 

contribution was to open the application of MoC theory to more generic SystemC code, and not 

just HetSC models. It relied on an insight on the generic rules that sustain HetSC, and which at 

the same time can lead to more generic SystemC code, which while it alters some of the HetSC 

rules, it is still formally supported as long as higher order rules are fulfilled. Such higher order 

rules were found in the relation of the SystemC model to its ForSyDe counterpart. In that work, 

the capability of the ForSyDe metamodel to express dynamic dataflows, by expressing the 

concurrent processes as finite state machines where input and output data partition is described 

through a partition function. In [12][13], previous results are exploited for the description of an 
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automatic generation engine, capable to produce the SystemC executable code out of the 

MARTE model. One interesting contribution of this work is that the generator relies not only 

on the preservation of the hierarchical component structure, but also in the preservation of the 

communication semantics and of the process behaviours of the UML/MARTE model in its 

mapping to SystemC. Specifically, a specific MARTE communication media is mapped to a 

specific SystemC channel with equivalent semantics. Moreover, process behaviours are defined 

by means of UML sequence diagrams describing the sequence of computation and 

communication interactions. The mapping into SystemC processes preserves such sequencing. 

This way, both, the MARTE model and the resulting SystemC code can be related in the same 

way to the ForSyDe formal counterpart. 

Other recent work from the University of Cantabria has dealt with a component-based and 

holistic modeling approach (holistic in the sense of covering both the application modeling and 

the description of the platform and platform mapping) to cover design activities such as design 

space exploration [14] and system-level synthesis [15] for MPSoC platforms. The modeling 

part in this work strictly relies on MARTE semantics, while the relation to specific MoCs has 

not been developed. 

 

While [8]-[13] work has been a pioneer step in the connection of MDD with MoC, further 

extension may be useful and required in the context of CONTREX. There are several reasons 

for it. The support of relevant important Models of Computations, such as the untimed SDF 

MoC, the synchronous MoC (Synchronous reactive in HetSC terms), or the continuous time 

models can be improved. In addition, the work in [8]-[13]  adopts an approach which requires 

the user to capture channel semantics via a set of attributes. Then, a pattern matching analysis 

for the semantics attributes is required to extract the MoC out of the MARTE model. 

Approaches where mechanism to associate an implicit semantics, e.g. of the communication 

media, could help to simplify the modeling and facilitate the flow development. 

Moreover, the MARTE-HetSC mapping proposed uses a limited set of MARTE attributes. An 

assessment of whether such mappings can cause ambiguities, taking into consideration the 

varieties of MoCs to be used is convenient, to enhance the possibilities of exchangeability of 

the CONTREX model. Specially, if an scenario where close variants of the same MoC is 

assessed as useful, e.g. SDF, Scenario-Aware SDF, cyclo-static SDF, then it might convenient 

a more detailed and precise posing of the semantics distinction, and of the attributes and 

elements capturing them. 

 

An ñexplicit alternativeò is possible where each MoC is explicitly stated, either in a given 

context (as it is done with directors in Ptolemy II), or via explicit attributes associated to the 

modeling elements (e.g. in ForSyDe a signal can be untimed, synchronous or timed), or through 

specific elements associated to each MoC (e.g. as it is done in HetSC or in Metropolis II). In 

turn, these options can be translated into parallel schemes in MARTE. 

 

Other parts of MARTE, such as CCSL are suitable for precisely capturing the time semantics 

of a model. This would fulfill the requirements of accurate semantics. However, there is the 

question if such a description, especially if it is required to be captured in each model, is suitable 

for an abstract and agile capture. Finally, additional attempts to link Model-driven technologies 

with Models-of-Computation, should be accounted also, e.g. ModelHex [16].  
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2.2.2 Mixed-criticality 

2.2.2.1 Standards 
A brief summary on the main aspects related to the safety standards that have been considered 

in this effort 

 

Annex C presents a detailed report on the relevant aspects taken from the industrial computing 

standards for safety.  

2.2.2.2 Research 
A brief summary on the main aspects about how mixed criticality has been tackled in research 

The literature on mixed criticality systems points out particularly two aspects that are 

significantly relevant for the assessment of timing properties. These aspects are partitioning 

(also called segregation of resources), and the efficient calculation/measurement/analysis of 

worst-case execution times (wcet) in case of hardly predictable platforms.  

Partitioning/segregation is concerned with keeping components of different criticalities apart, 

so that the execution of a lower criticality function/task/component do not impact negatively 

on the functional or temporal behavior of higher criticality functions/tasks/components.  

The efficient use of resources according to the criticality level implies the assignment of values 

progressively more conservative (i.e. larger) for the wcet of independent 

functions/tasks/components in direct relation to the criticality level. The highest the criticality 

the more conservative value is used from those attainable with the tools/techniques available.  

Section 4 describes the implications of these tendencies in the modeling of real-time and 

embedded systems enabling mixed-criticality. 

2.2.3 Networked embedded systems 

Regarding the modeling of distributed embedded systems, different standard approaches for 

system description have been proposed to introduce all the information required in the first 

steps of the design process, e.g., UML and SysML. The use of standard frameworks enable tool 

interoperability and the generation of widely understandable documentation. In particular, 

functional modeling has been described by using models of computation [27, 46], tools like 

Matlab/Simulink and Ptolemy as well as languages like Compositional Interchange Format. 

Moreover, De Miguel et al. [17] introduce UML extensions for the representation of temporal 

requirements and resource usage for real-time systems. Their tools generate a simulation model 

for OPNET simulator [18]. Hennig et al. [19] describe a UML-based simulation framework for 

early performance assessment of software/hardware systems described as UML Deployment 

and Sequence diagrams. Their simulator is based on the discrete event simulation package 

OMNet++. 

2.3 Analysis of needs 

Considering the requirements expressed for the CONTREX meta-model, it was observed that 

most of them are covered by MARTE and UML, though some requirements needed additional 

modeling elements. 
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It is important to note that the requirements about the modeling for control systems are not 

proposing specific conceptual elements into the meta-model. The control oriented nature of the 

modeled systems as well as its capacities to address cyber physical systems is expected to 

appear in the models in general as specific non-functional requirements. These requirements 

are stated as constraints for the computing system and may be eventually formalized as such 

and labeled for tracing purposes. That is, the meta-model is not expected to hold elements and 

concepts which support modeling and analysis specific from control theory, e.g. models 

supporting the statement of differential equations (in the time domain) or pole/zero 

representations (in a frequential or complex domain), typically used, for instance, to study 

response times in analog input/outputs signal traces, or to analyze the stability of the feedback 

loops.  

2.3.1 Elements needed as extensions to MARTE. 

The analysis of needs revealed that the following three potential extensions to the MARTE 

standard (later on presented in three corresponding sections) are required: 

¶ Extensions to manage mixed-criticality 

¶ Extensions to support communication through general purpose networking 

¶ Extensions to support the handling of modeling configurations 

2.3.2 Links to other formalisms 

¶ As stated in the requirements, some concrete formalisms are to be hold/connected to the 

CONTREX meta-model. The way to interact with them is a methodological concern that 

will be essayed and provided in other task T2.2. Equivalently we identify the need to 

generate of modeling examples as model libraries that may serve to validate the support for 

MoC in UML and MARTE. 
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3 The MARTE meta-model 

The sections of the MARTE standard that are of interest for understanding the semantics and 

the abstract syntax of the elements that are relevant for this effort are essentially the subsections 

denominated as domain views of the following clauses in the MARTE specification: 

- Core Elements (Section 7) 

- Non-functional Properties Modeling (Section 8) 

- Time Modeling (Section 9) 

- Generic Resource Modeling (Section 10) 

- Allocation Modeling (Section 11) 

- High-Level Application Modeling (Section 13) 

- Generic Quantitative Analysis Modeling (Section 15) 

Additionally, elements of interest to understand the proposed extensions are in: 

- Normative MARTE Model Libraries (Annex D), and 

- Domain Class Descriptions (Annex F) 

 

The main diagrams in the domain view of those MARTE sub-profiles represent the abstract 

syntax for the elements in MARTE that will be used in the CONTREX meta-model. 

 

Instead of copying all the diagrams and textual descriptions, the interested reader is referred to 

the actual specification, which can be downloaded from the OMG repository at 

http://www.omg.org/spec/MARTE/1.1/PDF.  

 

Annex A include as a general reference a very brief summary of distinctive aspects of some of 

the main sections of MARTE. The descriptions of specific modeling elements used in this 

document may be retrieved from the Annex F of the UML profile for MARTE specification, 

which have the description of the semantics of all elements in the domain views. 

 

 

http://www.omg.org/spec/MARTE/1.1/PDF
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4 Extensions for Mixed-criticality 

Though made in principle in the context of scheduling, the review of mixed criticality systems 

(MCS) given by Burns and Davis in [UC-1] is largely valid for our analysis. According to them, 

criticality is a designation of the level of assurance against failure needed for a system 

component. A mixed criticality system is one that has two or more distinct levels (consider for 

example safety critical, mission critical and non-critical). Reviewing the standards in the field, 

(IEC 61508, DO-178B, DO-254 and ISO 26262 standards), they propose to use up to five 

levels. As noted in another very interesting effort by Graydon and Bate [UC-2], it should be 

noted that not all papers on MCSs assign to ócriticalityô the same meaning. These appreciations 

are also noticeable by looking at the assessment we have conducted of computing standards for 

safety in Annex C. 

The extensions to MARTE proposed here are organized in three parts: Annotation of values 

that may vary according to the level of criticality, scheduling mixed-critical applications, and 

non-functional properties constraints for contract-based design. 

4.1 Annotations  

One aspect to considering mixed-criticality in the meta-model is the support of the association 

of criticalities to non-functional annotations in such a way that different values may be assigned 

according to the different levels of criticality, (e.g. by overestimation or relaxation) though all 

referring to the same magnitude. For instance, different WCETs can be considered for a real-

time schedulability analysis depending on the criticality. Under this perspective, mixed-

criticality analysis considers involvements on annotated data, a specific input of the analysis. 

Moreover, there is another possibility, which makes considerations on the requirements of the 

system, another important input of the analysis. Specifically, in [KTH-1], the association of 

criticalities to constraints on the performance metrics characterizing the performance of the 

system is proposed. Systems in general can have constraints of many types, and not all of them 

are equally critical in general. Moreover, while a constraint on throughput in a system can be 

critical, e.g. for a digital TV, other constraints, e.g. response time might be the critical one in 

other application domains, e.g. the response time of a wheel reaction to a movement of the 

steering wheel. And at the same time, a system can present constrains on both types of 

constraints. E.g., the throughput is the most important constraint for the digital TV, which has 

to refresh the image of a certain resolution every 1/100s, but optimizing the latency, e.g., to 

avoid the user to have to wait too much to see the 1st frame after zapping is subject to 

optimisation, and likely to be constrained for a minimum QoS. Although one can agree that it 

is a less important constraint than the frame refresh rate.  

Because of that, [KTH-1] proposed that a meta model for MCS and MCSoS systems should 

support the annotations or associations of criticality levels to performance metric constraints. 

Moreover, in [KTH-1] the idea that constraints, and so the application of their respective 

criticalities, could refer to other type of properties, e.g. deadlock protection, etc. was launched. 

In [KTH-1], the criticality level is also associated to SIL or a generalized SIL, after considering 

that the criticality can refer indirectly to functional integrity, by means of considering 

performance and formal properties with involvements on such function integrity. 

In [KTH-2], a joint analytical and simulation-based (JAS) design space exploration (DSE) 

method which relies in this distinction between constraints on performance metrics with higher 
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and lower criticalities. For simplicity, [KTH-2] considers two criticality levels, and focuses on 

time-constraints for the high-criticality level. 

Then, the need to have annotations with the specific levels of criticality is clear, and these may 

affect many modeling elements of MARTE, but annotations need to be made in the context of 

the specific aspects in which they play a role. Concretely, in our case they will be inserted in 

regard of the specific NfPôs that will be studied in this project: timelines, temperature, and 

power. 

Temperature and power as well as timing properties are aspects that are treated in general as 

extra-functional-properties, and hence they are represented with annotations in concrete NFP 

data types. For this reason, the more efficient way to link them in the models to the level of 

criticality at which they are relevant is by enhancing the basic representation of NFP with the 

necessary information. This is done in a way similar to its characterization in different modes 

of configuration. 

Two are the basic elements proposed by MARTE to manage non-functional properties in UML: 

NFP_Types and NFP_Constraints. These are used in many attributes and types defined in 

MARTE. The introduction of the levels of criticality in them may be made in specific types, 

but in principle adding them in the root library element may solve the problem from the 

expressiveness point of view and may also help further exploitation of the approach for other 

NFPs.  

The concrete elements to extend in the context of the MARTE profile are then 

NFP_CommonType and NFP_Constraint. NFP_CommonType is not an element of the meta-

models in the domain views of MARTE, but it is the root of all predefined non-functional 

property types in MARTE. NFP_Constraint instead is indeed an element of the MARTE domain 

view and may be extended to encompass criticality in the same way it handles configuration 

modes.  

From the methodological point of view, we may further need to discuss whether it is advisable 

to actually include an additional element or simply use the mode attribute to implement 

criticality. From the meta-model point of view it is much cleaner to use an additional attribute, 

but from the implementation point of view, and considering compatibility with the standard, it 

may be more convenient to use ad-hoc state charts with the configuration of the criticality levels 

for the concrete standard to use and then define in there each level as a Mode. 
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Definition of NFP_Constraint in MARTE 

 

- UML profile diagram for NFPs modeling (Implementation of the NfpType and 

NfpConstraint stereotypes in MARTE) 
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Hierarchy of NFP types defined in the library of MARTE. 

As seen, the assumption made by most authors refers to the fact that for different levels of 

criticality concrete values used for annotating WCET (or other NFPs) shall be different (e.g. by 

overestimation or relaxation) though all referring to the same magnitude. The strategy proposed 

here by extending the MARTE NFP_CommonType allows handling those values by means of 

common annotations on UML attributes. The new attribute in it will indicate the level of 

criticality assigned to the concrete value of the annotation. Observe that this qualification is 

orthogonal to the others already in MARTE like the source, the statistical qualifier, or the 

configuration mode. The correct interpretation of all possible combinations is left to the 

concrete modeling methodologies defined for the usage of the CONTREX meta-model. 
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expr: VSL_Expression

source: SourceKind

statQ: StatisticalQualifierKind

dir: DirectionKind

mode: string [*]

criticality: Integer [*]

« dataType »

« nfpType »

{ exprAttrib= expr }

NFP_CommonType

                   

kind:ConstraintKind [0..1]

criticality: Integer [*]

NFP_Constraint

 

Extension of NFP_CommonType and NFP_Constraint elements of MARTE with criticality. 

 

NFP_CommonType  

This is the parent NfpType that contains common parameters (modeled as UML Properties) 

and common operations of the various NfpTypes defined in MARTE.  

Attributes  

- Å expr: VSL_Expression [0..1]  

Attribute representing an expression. MARTE uses the VSL language to define expressions. 

- Å source: SourceKind [0..1]  

Peculiarity of NFPs associated with the origin of specifications. Predefined kind of sources for 

values are estimated, calculated, required and measured. 

- Å statQ: StatisticaQualifierKind [0..1]  

Statistical qualifier indicates the type of ñstatisticalò measure of a given property (e.g., 

maximum, minimum, mean, percentile, distribution). 

- Å dir: DirectionKind [0..1]  

Direction attribute (i.e., increasing or decreasing) defines the type of the quality order relation 

in the allowed value domain of NFPs. Indeed, this allows multiple instances of NFP values to 

be compared with the relation ñhigher-quality-thanò in order to identify what value represents 

the higher quality or importance. 

- Å mode: String [*]  

Operational mode(s) in which the NFP annotation is valid. The string should contain the name 

of an existing UML element stereotyped as «MARTE::CoreElements::Mode». 

- Å criticalityLevel: Integer [*]  

Value(s) that defines the level(s) of criticality at which the NFP annotation is valid.  

 

NFP_Constraint   

NFP Constraints are conditions or restrictions to modelled elements providing the ability to 

define if these are of ñrequired,ò ñoffered,ò or ñcontractò nature.  
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Associations  

Å constrainedElement: AnnotatedElement [*] Set of Annotated Elements referenced by this 

NFP Constraint.  

Å context: AnnotatedModel [0..1] Namespace that is the context for evaluating this constraint.  

Å specification: ValueSpecification [1] Condition that must be true when evaluated in order 

for the constraint to be satisfied.  

Å mode: Mode [*] The set of modes in which the NFP constraint annotations are valid.  

Attributes  

Å kind: ConstraintKind [0..1] Tagged definition qualifies NFP constraints by either required, 

offered, or contract nature.  

Å criticality: Integer [* ]Value(s) that defines the level(s) of criticality at which the NFP 

constraint is valid.  

Semantics  

NFP Constraints are conditions or restrictions to modeled elements. Specifically, NFP 

constraints support textual expressions to specify assertions regarding performance, 

scheduling, and other embedded systemsô features, and their relationship to other features by 

means of variables, mathematical, logical, and time expressions. 

Both, NFP_CommonType and NFP_Constraint have been extended with a new attribute of 

the type Integer to hold the level of criticality that is necessary.  

Here we may also consider a new specific data type to hold specially defined levels of 

criticality. Integer has been used since all standards reviewed use a simple discrete approach. 

In case it results necessary a more elaborated choice type may be defined with different 

enumerated values for each standard. 

4.2 Scheduling 

About the scheduling capabilities, the key mechanism is the partitioning/segregation of 

resources. This is managed from the scheduling point of view as a hierarchical scheduling 

platform. The primary level implements the partitioning by assigning fractions of the processing 

capacity to the primary schedulable resources (known as servers or virtual resources). These 

are in turn re-scheduled by secondary schedulers according to the rules of the guest operating 

system among the final schedulable resources (threads or processes) of the guest OS. This 

partitioning encompasses not only time but also memory and eventually other resources like 

energy and the capacity of rising temperature.  

As a modeling example let us show the MARTE meta-model for scheduling, which supports 

natively hierarchical scheduling. Further work in task T2.2 may provide examples of an IMA 

platform. The modeling of the case studies will help to verify the initial vision according to 

which we do not need in principle additional elements 
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The domain model for scheduling in MARTE 

4.3 Contract based design  

For the specification of deployment contracts, a library or a methodological approach may be 

created using NFP_constraintôs and a state chart specific to the modeling configurations 

representing areas/points in the perspectives/views/ abstraction-levels matrix. 

Following the SPES proposal a list of examples of NFP_constraints may be described with the 

way in which concrete annotations of contracts will be refined along abstraction levels. 

Also a model library with predefined expressions representing the contracts may be offered. 

No additional elements have been so far identified for inclusion into the meta-model but this 

section describe extensively the way these constraints are formally specified 

4.3.1 Background 
Based on the principles of assume-guarantee reasoning (AGR) [CBD-19 - DBD-23], the 

emergence of contract based design (CBD) started in [CBD-24 ï CBD-27]. To improve the 

reliability within the modular, re-use based paradigm of object-oriented software programming, 

the correct interaction of software components was assured by proving required preconditions 

and ensured post conditions before respectively right after each communication across the 

components' interfaces. If one of these formal assertions ï expressed by means of software state 

predicates ï failed, the interaction, and thus the observed composition of the components, was 

not valid. Subsequently, in [CBD-28 ï CBD-31] these concepts have been applied to digital 

automata and hardware modules, claiming assumptions on their interfacing environment and 

reversely providing behavioral guarantees, if those assumptions were satisfied. Derived from 

that, formal expressions were defined for compatibility of interfaces, composition of 

components and the implementation-/refinement-relation of digital hardware modules, enabling 

formal verification by improved compositional methods. As liveliness is a significant property 

for a valid composition of reactive system components, in [CBD-32 ï CBD-35] the formal 
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notion of receptiveness was introduced, to denote, that there exists a proper behavior for each 

sequence of environmental inputs ï i.e. without constraining the components environment. 

Subsequently, based on the modeling concepts of timed and hybrid automata [CBD-7, CBD-

36, CBD-37], the extension to continuous and hybrid systems was presented in [CBD-38, CBD-

39], expanding receptiveness, as well as the composition-functions of parallel and serial 

composition, variable and location renaming and variable and location hiding, which are 

necessary to build formal refinements/abstractions and compositions out of formal atomic 

hybrid components. More recently, in [CBD-40 - CBD-42] the principles of contract- and 

component-based design were jointly applied with the idea of abstract semantics [CBD-43 - 

CBD-46] ï which enables separation of concerns for different modeling aspects and models of 

computation (MoC) ï by using heterogeneous rich components (HRC) [CBD-47 - CBD-53] 

and multi-viewpoint state-machines [CBD-53, CBD-54] to formally analyze functional stability 

and safety aspects of hybrid systems. Up to that, an overview of CBD can be found in [CBD-

55, CBD-56], but despite the aforementioned scientific achievements [CBD-57 - CBD-59] and 

the ongoing research [CBD-60, CBD-61], according to [CBD-4, CBD-60, CBD-62] further 

research is necessary on: 1) the mathematical, formal foundations of contracts, to enable a 

comprehensive design flow for system specification, exploration, refinement/abstraction and 

verification of extra-functional properties and hybrid systems, using heterogeneous rich 

components; 2) the development of system engineering frameworks with methodologies and 

tools for the aforementioned design flow across different abstraction levels; and 3) the 

integration of these into design- and life-cycle management frameworks for appropriate 

organization of cross-boundary design-flows and configuration management.  

 

According to the general definition of power as the time derivative of the energy 
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and according to a simplified discrete interpretation as a time discrete rate of energy 

consumption,  
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power is used as a time- and state-dependent parameter for device characterization and a 

common basis for the calculation of further use-case specific properties, as e.g. energy 

consumption, device heating or influences on aging and reliability. 

 

However, to the author's best knowledge, there currently exists no exhaustive investigation of 

a formal component- or contract-based design in the domain of power. Paying attention to 

battery driven mobile systems and the past years' technology scaling ï i.e. shrinking of the 

microelectronic basic devices and structures, as especially the transistor gate-lengths in digital 

CMOS processes ï power became one of the most important parameters for the development 

of energy-efficient, reliable high-performance integrated circuits (IC) and systems on chip 

(SoC) [CBD-63 - CBD-67]. According to that, early power analysis, power-related design space 

exploration and power optimization became a more and more important aspect, too [CBD-68 - 

CBD-71]. As it applies for power dissipation as well, that the influence of design decisions 

increases with the abstraction level [CBD-67], high-level approaches are needed for the 

efficient modeling of power aspects. According to [CBD-68], these can generally be 

categorized into bottom-up power characterization and abstraction methods, achieving accurate 
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power information from previous low-level implementations, and methods for top-down power 

estimation, predicting power estimations already without knowledge about the technological 

circuit or system structure. At that, analytical methods try to relate high-level power models to 

fundamental low-level quantities, whereas empirical methods derive those from observing the 

system's power behavior during execution [CBD-65]. Over the past 20 years, these power 

models and estimation approaches have significantly been improved [CBD-66, CBD-69 - CBD-

78], especially in terms of accuracy and speed. Moreover, since several kinds of power 

properties can be mapped to more abstract static power properties ï i.e. a static part of the power 

intent, contained within the structural view of the design ï methods for the structural analysis 

and verification of compositional designs and their interconnect become necessary, too [CBD-

79 - CBD-84]. To that end, the power intent description standards CPF (common power format) 

[CBD-80] and UPF (unified power format) [CBD-81] were defined to provide unified standards 

for the description of the systems' static power intent. A first approach, how to use and extend 

UPF specifications for a semi-formal verification of also the dynamic part of the power intent 

is given in [CBD-84 - CBD-86]. Nevertheless, most methods are largely simulation-based and 

only little research [CBD-82, CBD-83, CBD-87 - CBD-89] is focused on formal methods, 

having the main emphasis rather on functional verification of the power management [CBD-

90, CBD-91] than on attaining power closure across different abstraction levels. As a 

consequence, the advanced methods of high-level power modeling barely support interfaces to 

the compositional design methods of CBD and consequently can barely profit from the 

improvements of contract-based design and verification methods. 

4.3.2 Problem Statement 
The ability of successfully realizing the complex functionality of today's digital 

microelectronics is largely due to the compatibility between advanced methods, models and 

appropriate libraries for formal or semi-formal functional design, especially with respect to 

refinement and abstraction based on structural composition and decomposition. In contrast ï 

due to the previously explained missing of compatible formal methods, models and libraries in 

the power-domain ï power-aware design flows are lack of such a continuous consistency. One 

of the main reasons for that is the missing of a formal methodology, which combines formal 

specification, characterization, refinement/abstraction and verification of power properties with 

the concepts of compositional design ï enabling a sound and compatible, formal model and 

library development; and with a clear separation of concerns ï enabling for a flexible and 

exchangeable cross-domain mapping between functional specifications and extra-functional 

models of corresponding implementation alternatives. 

4.3.3 Related Work 
While [CBD-16, CBD-42, CBD-92 - CBD-94] concentrate on investigating contract-based 

specification and verification of safety, stability and real-time requirements, there is only little 

work on continuous design flows for other extra-functional properties within or cross-cutting 

several domains, as power or temperature. This is especially true for analog/mixed-signal 

(AMS) or multi-physical systems, for which already the functional view is spread across 

multiple, heterogeneous development domains, namely the analog and the digital domain plus 

mechanics or chemistry, for example. Indeed, recent reports [CBD-4 - CBD-95] show an initial 

approach, optimizing the power consumption of a UWB receiver's RF frontend, using analog 

contracts within analog platform-based design (APBD) [CBD-96 - CBD-99], but at that several 

issues remain still unsolved. The maybe most challenging questions among these might be: 1) 

how to apply CBD formalisms to mixed-signal and multi-physical systems? [CBD-4]; and 2) 

how to apply formalisms for handling continuous-time and state-dependent cross-domain 

aspects? [CBD-60]. Thus [CBD-100 - CBD-103] most recently extend the compositional 
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formalisms of CBD for a usage within multiple, intertwined and maybe extra-functional 

domains. But while this work provides the basic semantics and theories, the extra-functional 

specifications and characteristics of heterogeneous systems are specified, refined/abstracted 

and characterized mostly different, according to the heterogeneity of different domains and 

systems. As an example, whereas a static, timing- and stimuli-independent, extra-functional 

performance-vector [CBD-4, CBD-95] may be a good characterization for the UWB receiver 

or its components, other devices may need a more variable characterization ï e.g. due to 

programmability or time- input- or state-dependencies. For that, a good example would be 

today's low-power systems with dynamic power-management, whose power consumption 

depends significantly on a timed trace of power states, consequently being hard to describe 

without knowledge about the specific use-case scenario. As a consequence of this dependency 

between functional and extra-functional system characteristics, the aforementioned low-power 

system demands for cross-domain contracts, cross-cutting the power, timing and functional 

domains. For multi-physical systems, this becomes even more complicated, considering e.g. 

the intertwined functional and/or extra-functional dependencies of micro-electro-mechanical 

systems (MEMS) for energy-harvesting [CBD-104, CBD-105]. As a result, design-flows are 

still lack of consistent formalisms for the specification, exploration, refinement/abstraction and 

verification of continuous or cross-domain extra-functional properties as they are necessary for 

developing the complicated mixed-signal or multi-physical systems of today. 

4.3.4 Basic concept 

4.3.4.1 A simple component model 
A Heterogeneous Rich Component (HRC) denotes a structural design element ï onwards 

component ï which is semantically enriched with contracts, with contracts being a formal 

specification over the componentôs interfaces, declaring assumptions on the componentôs 

environment and guarantees on its externally observable behavior. Hence, the external 

interaction of an HRC is solely restricted to its explicitly declared interface. On top of that, its 

heterogeneity results from combining the behavioral descriptions of different, functional and 

extra-functional aspects within the same HRC. 

 

 

Figure 4.1: Contract Based Design (CBD): identifiers and basic concept. 

To explain the most relevant concepts of HRCs and CBD, we introduce different identifiers 

according to  
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Figure 4.1, onwards denoting contracts by the letter ὅ and HRCs by the letter ὓ, additionally 

indexed by Ὥ  ᴓ  to refer to the Ὥ-th HRC of a decomposition of ὓ into ὲ sub-HRCs 

ὓȟȣȟὓ , also denoted as parts of the system. Additionally, we define the interface of an 

HRC ὓ as the set of its directed in and output variables ὼ ɴ ɯ Ḋ ὼᴆȟ ὼᴆ , called ports. 

 

To choose only the functional-, timing- and power-specific subsets of ὓ, ὅȟɯ and ὼᴆ we provide 

the subscripts fct, time and pwr, corresponding to the internal, non-structural but aspect-specific 

segregation of the HRC behavior according to these aspects. 

 

Finally, we define an HRCôs interconnection network ὔὩὸḊ ὔὩὸȟὔὩὸ by the sets of 

its internal connectors, consisting of: the assembly connectors ὔὩὸ Ṗ ɯ   ɯ  which 

internally link ports between different parts of the system; and its delegation connectors 

ὔὩὸ  Ṗ ɯ   ɯ   ɯ   ɯ  which link up the port of the HRCôs parts with 

the HRCôs external ports. The direction of the interconnect ὲὩὸὼ ȟὼ ᶰὔὩὸ is defined by 

position, naming the driving source ὼ  of the net in front of the readerôs sink ὼ .  

4.3.4.2 Contracts 
The contracts ὅ of a component ὓ are formally defined as triples ὅḊ ὃȟὄȟὋ . While the 

strong assumptions ὃ delimit the componentôs maximum permissible input state space over the 

input variables ὼᴆ  of ὓ, the weak assumptions ὄ over ὼᴆ perform a further division to 

subspaces, for which ὓ assures the associated guarantees Ὃ over its output variables  ὼᴆ , if 

and only if the individual use case satisfies the corresponding assumptions. Hence, ὅ is 

semantically interpreted as [[C]] ḧὃ ᷈ὄ ᵼὋ, with ὃ, ὄ and Ὃ being time bounded LTL or 

CTL properties, representing sets of timed traces Ὓ ὼᴆ , Ὓ ὼᴆ  and Ὓ ὼᴆ  over the I/O 

variables ὼᴆȟὼᴆ  ɴ ɯ  of ὓ. 

 

Declaring the type of a variable ὼ to be ’ὼ ɴ ᴓȟᴚȟᴙȟȣ  and declaring the notion of time 

as the discrete but infinitely increasing variable ὸ ɴ ᴓ , a timed trace ί ὸ is a discrete 

sequence of events ὩὼȟὸȟὩὼȟὸȟȣ  ɴ ὛḊ ὼ O  ᴓ  O  ’ὼ , mapping the 

variable ὼ to its values ὺὼȟὸ  ɴ ’ὼ for each point of time. A complete property 

specification ὅ of a component ὓ is then defined as ὅḊ Ẓ Ẓ ὅ , considering all 

contracts ὅ ȟȣȟὅ  of all aspects ὥὴί ɴ ὪὧὸȟὸὭάὩȟὴύὶȟȣ Ȣ 

 

To extract a purified, port-specific expression of the effect of the assumptions, guarantees or 

even complete contracts, the restriction function ᴽ denotes the restriction of these constraints 

to solely the subset ὢ of their original variables. Furthermore, ” and ” denote the so-called port 

mapping or port substitution functions, with: ” identifies the port variables ὼ ȟὼ  ɴ ɯ  of 

a part ὓ  with the corresponding assembly and delegation connectors ὲὩὸὼ ȟzȟὲὩὸz

ȟὼ ᶰὔὩὸ and ” identifies the external ports ὼ ȟὼ  ɴ ɯ  of the system ὓ with the 

corresponding delegation connectors ὲὩὸὼ ȟzȟὲὩὸzȟὼ ᶰὔὩὸ. 
 

That way, the contracts explicitly relate the formal and possibly more abstract behavioral 

specifications of a componentôs bottom-up characterization with the appropriate validity 

constraints, the underlying model implementations and abstractions would otherwise assume to 

be satisfied without verification. Hence, CBD enables to formally check for: 
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¶ compatibility: Ὃ ᴽ ”   ὃ ᴽ ”  between the connected 

components of a system; 

¶ refinement: ὅᵼὅ of a system ὓôs specification ὅ w. r. t. its component-based 

bottom-up composition by ὲ parts ὓȟȣȟὓ , specified by their contracts ὅ and 

logically composed to the Virtual Integration ὅḧ Ẓ ὅ” ”Ȣ . 

 

 
Figure 4.2: Basic idea of the design steps within a power-aware design flow with power 

contracts. 

 

Applying the concepts of HRCs and CBD to build a consistent, design flow, our primary goal 

is to formally ensure the correct re-use of bottom-up leaf-node power models to improve power 

closure. Our basic idea for that design and verification flow is outlined in Figure 4.2, covering: 

 

1) the structural decomposition of the initial HRC with possibly a refined partitioning of 

its initial contracts; 

2) the implementation of the HRCôs parts; 

3) the formal bottom-up characterization of the partsô functional and extra-functional 

behavior in terms of contracts; 

4) the satisfaction checking between the partsô contract based bottom-up characterization 

and their specification; 

5) the compatibility checking between all componentsô connected ports; 

6) the virtual integration to a composed top-level specification; 

7) the refinement checking between the composed top level contract and those of the initial 

specification. 
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4.3.5 Textual contract specification 
We are using the LTL-based specification language OTHELLO (Object Temporal with Hybrid 

Expressions Linear-Time Logic) [CBD-129, CBD-130] for the formal specification of 

contracts. This is a very expressive hybrid specification language. The Extended Backus-Naur 

Form (EBNF) of OTHELLO below describes the temporal, arithmetic and logic expressiveness 

and is given as [CBD-129]: 

 

constraint      =   atom |  
                    "not" constraint |  
                    constraint "and" constraint |  
                    constraint "or" constraint |  
                    constraint "implies" constraint |  
                    "always" constraint |  
                    "never" constraint |  
                    "in the future" constraint |  
                    "then" constraint |  
                    constraint "until" constraint |  
                    constraint "releases" constraint ;  
atom            =   "TRUE" |  
                    "FALSE" |  
                    term relational_op term |  
                    "time_until" "(" term ")" relational_op term |  
                    term ;  
term            =   variable |  
                    constant |  
                    term "+" term |  
                    term " - " term |  
                    term "*" term |  
                    term "/" term |  
                    "der" "(" variable ")" |  
                    "next" "(" variable ")" ;  
relational_op   =   ("="|"!="|"<"|">"|"<="|">=") ;  

where: 

¶ constant  is a constant number; 

¶ variable  is a string. 

 

The structural view is described using OSS, the OTHELLO System Specification. OSS defines 

unique identifier ï the HRC reference of the top-level HRC ï its external ports ɯ and its data 

types ’ὼ. For the description of the hierarchical decomposition of the overall system, 

subcomponents ὓȟȣȟὓ  and their interconnection ὔὩὸḊ ὔὩὸȟὔὩὸ  can be 

specified. This way, Contracts can be specified during system and component description 

through linking components with contracts using unique identifiers. In the following, the EBNF 

of OSS [CBD-129] is given: 

 

OSS             =   system_comp component* ;  
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system_comp     =   "COMPONENT" comptype? "system" interface  
                    refinement? ;  
component       =   "COMPONENT" comptype interface refinement? ;  
interface       =   "INTERFACE" var* contract* ;  
refinement      =   "ASYNC"? "REFINEMENT" subcomponent* connection*  
                    refinedby* ;  
var             =   port | parameter | o peration ;  
port            =   ("IN" | "OUT")? "PORT" name ":" type ";" ;  
parameter       =   "PARAMETER" name ":" type ";" ;  
operation       =   ("PROVIDED" | "REQUIRED") "OPERATION" "PORT"?  
                    name 
                    "(" op_parameter* ")" ":" (type | "void") ";" ;  
op_parameter    =   ("IN" | "OUT")? name ":" type ;  
type            =   "boolean" | "integer" | "real" | "continuous" |  
                    "event" | "{" (number | name)+ "}" |  
                    number ".." number;  
contrac t        =   "CONTRACT" name  
                    "assume" ":" constraint ";"  
                    "guarantee" ":" constraint ";" ;  
subcomponent    =   "SUB" name ":" comptype ";" ;  
connection      =   "CONNECTION" name ":=" constraint ";"  
formula         =   "CONSTRAINT" constraint ";"  
refinedby       =   "CONTRACT" name "REFINEDBY" contr_id+ ";" ;  
contr_id        =   name "." name ;  

 

where: 

¶ name is a string; 

¶ there cannot be two components with the same name; 
¶ for every component, there cannot be two subcomponents with the same name; 

¶ comptype is a string that matches one of the componentsô name; 

¶ in the list of components forming the OSS, there exists a component whose name is 

system ; 

¶ the relationship that links a component to its subcomponents is not circular and form 

a tree rooted in the system component; 

¶ the constraint  in the definition of a contract in an interface must be an Othello 

constraint as defined above where every variable must match a variable of the interface; 

¶ the constraint  in the definition of a connection in the refinement  of a component 
must be an Othello constraint as defined above where every variable must either match 

a port  of the interface  or be in the form sub.var  where sub matches a 

subcomponentôs name of the refinement  and var  matches a variable of the 

interface  of such subcomponent. 
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5 Extensions for Networking 

Here we include modeling elements that are useful to realize the validation of distributed 

applications deployed on communication resources subject to certain error rate. This allows for 

the modeling of embedded systems connected through partially reliable networks and a high 

level characterization of the network.  

MARTE is suitable for the low level accounting of resource usage in time, and this is also 

applicable to the networks when they are schedule with concrete arbitration strategies; but when 

general purpose networks are used or when not detailed accounting of networking needs is 

available, a high level characterization of communication needs and available capacities can be 

used. This scales up well not only to general purposes traditional internet protocols but also to 

wireless and mobile communication. 

This chapter is organized in three sections. The first consider extensions to MARTE that help 

to model the network topology, and the overheads on processors due to the handling of packets 

to be sent and received. The second proposes extensions to the modeling of the necessary 

workloads, both, in communication and computing oriented. The last proposes a complete set 

of modeling elements to capture specific analysis contexts for the validation of required 

communication needs deployed on the available platforms. 

  

5.1 Topology and platform overheads due to communication 

Since MARTE profile is devoted to model real time embedded systems, it lacks precise 

semantics related to networked embedded systems which are mainly for the communication 

aspects between embedded elements. 

Fortunately, and contrary to an often expressed opinion, MARTE had addressed the main 

elements of such systems and it is not necessary to add new fundamental modeling concepts to 

MARTE profile. Instead, the work being done in the specification consisted of defining new 

stereotypes for the communication aspects of embedded systems such as network interfaces.  

Therefore, we have introduced new stereotypes to extend the semantics of MARTE profile, 

stereotypes are:  

1. AbstractChannel, 

2. NetworkInterface  
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CommunicationResource

elementSize : Integer

CommunicationMedia

packetSize : Integer

CommunicationEndPoint

0..* 1..*mediaendPoint

overhead : WorkloadBehabior

NetworkInterface

ComputingResource

speedFactor: NFP_Real 

ProcessingResource

0..*

1..*host

nwInterface

resMult: Integer

isProtected : Boolean

isActive : Boolean

Resource

errorRate : NFP_Percentage

wireless: Boolean

AbstractChannel

1..* nwInterface

 

¶ A ProcessingResource generalizes the concepts of CommunicationMedia, 

ComputingResource, and active DeviceResource. It introduces an element that abstracts 

the fundamental capability of performing any behavior assigned to the active classifiers 

of the modeled system. Fractions of this capacity are brought to the 

SchedulableResources that require it. 

¶ A CommunicationResource represents any resource used for communication and may 

be considered as a collector of communication services. It generalizes the two kinds of 

communication resources defined, communicationEndpoint and communicationMedia. 

¶ A ComputingResource represents either virtual or physical processing devices capable 

of storing and executing program code. Hence, its fundamental service is to compute, 

what in fact is to change the values of data without changing their location. It is active 

and protected. 

¶ A CommunicationEndPoint acts as a terminal for connecting to a communication 

media, and it is characterized by the size of the packet handled by the endpoint. This 

size may or may not correspond to the media element size. Concrete services provided 

by a CommunicationEndPoint include the sending and receiving of data, as well as a 

notification service able to trigger an activity in the application. 

¶ A CommunicationMedia represents the means to transport information from one 

location to another (e.g., message of data). It has as an attribute the size of the elements 

transmitted; as expected, this definition is related to the resource base clock. For 
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example, if the communication media represents a bus, and the clock is the bus speed, 

ñelement sizeò would be the width of the bus, in bits. If the communication media 

represents a layering of protocols, ñelement sizeò would be the frame size of the 

uppermost protocol. 

¶ A NetworkInterface acts as an interface to connect a physical device with a 

communication media. It has an attribuite WorkloadBehavior which represents a given 

load of processing flows triggered by external (e.g., environmental events) or internal 

(e.g., a timer of the communication protocol) stimuli. The processing flows are modeled 

as a set of related steps that contend for use of processing resources and other shared 

resources.  It may contain the communication protocol agent. 

¶ A Node represents physical processing devices capable of storing and executing 

program code. It can be seen as a container of tasks. At the end of the application design 

flow, nodes will become HW entities with CPU and network interface and tasks will be 

implemented either as HW components or as SW processes. It can be fixed or mobile 

node. 

¶ An AbstractChannel is a generalization of network channels since it contains the 

physical channel, and all the protocol entities up to level N-1. It has an attribute 

errorRate which defines the bit error rate of it. It has an attribute wireless to define if it 

is wire or wireless channel. 

  

 

5.2 Extensions for modeling general purpose networking 
workloads 

 

As it was mentioned in section 5.1 that MARTE has provided the main elements for modeling 

embedded systems but it lacks some semantics related to networked embedded systems.  

Therefore, MARTE elements may be extended to compensate such lack. For example, Quality 

of Service of the communication media between embedded device in terms of, delay, 

throughput, error rate, is considered as an important feature to measure the performance of such 

applications.   

Therefore, we have introduced new stereotypes to extend the semantics of MARTE profile, 

stereotypes are:  

1- CommunicationRequirements 

2- CommunicatingTask 
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msgSize: NFP_DataSize

CommunicationStep

maxErrorRate: NFP_Percentage

maxThroughput: NFP_Frequency

maxDelay: NFP_Duration

CommunicationRequirements

RtUint

CommunicatingTask

isDynamic : Boolean

isMain : Boolean

memorySize : NFP_DataSize

srPoolPolicy : PoolMgtPolicy

srPoolWaitingTime : NFP_Duration 

requiresMobility: Boolean

isPeriodic: Boolean
 

 

¶ A CommunicationStep is an operation of sending a message over a 

CommunicationResource that connects the host of its predecessor Step, to the host of 

its successor Step. 

¶ A CommunicationRequirements are the requirements of a data flow to be assigned to 

an abstract channel and that to establish the communication between two tasks. It has 

three attribuites, maxErrorRate is the maximum number of errors tolerated by the 

destination; maxThroughput is the maximum amount of transmitted information in the 

time unit; maxDelay is the maximum permitted time to deliver data to destination. 

¶ A RtUnit  is real-time unit and it owns at least one schedulable resource but can also 

have several ones. If its dynamic attribute is set to true, the resources are created 

dynamically when required. In the other case, the real-time unit has a pool of scheduling 

resources. When no schedulable resources are available in the possible, the real-time 

unit may either wait indefinitely for a resource to be released, or wait only a given 

amount of time (specified by its poolWaitingTime attribute), or dynamically increase 

its pool of thread to adapt to the demand, or generate an exception. A real-time unit may 

own behaviors. It also owns a message queue used to store incoming messages. The size 

of this message queue may be infinite or limited. In the latter case, the queue size is 

specified by its maxSize attribute. In addition, a real-time unit owns a specific behavior, 

called operational mode. This behavior takes usually the form of a state-based behavior 

where states represent a configuration of the real-time unit and transition denotes 

reconfigurations of the unit. 

¶ A CommunicatingTask represents a basic functionality of the whole application; it 

takes some data as input and provides some output. It should be allocated in a Node to 

perform its operation. It has an attribute named requiresMobility to define its 

requirement to be allocated in a mobile or fixed node. It can be periodic or aperiodic 

task and it is specified from isPeriodic attribute. 
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5.3 Allocation and models for network analysis 

 In this section we extend MARTE communciationChannel element by a new stereotype for 

DataFlow to express the communication requirements of the data flow from the communication 

channel.  

msgSize: NFP_DataSize

utilization: NFP_Real 

CommunicationChannel

communciationRequirements: 

CommunicationRequirements  [*]
taskSource: Task [*]

taskDestination: Task [*]

DataFlow

 

 

¶ A CommunicationChannel is logical communications layer connecting 

SchedulableResources. 

¶ A DataFlow represents the communication requirements between two tasks; output 

from a source task (taskSource) is delivered as input to a destination task 

(taskDestination). It has an attribuite communciationRequirements which describes the 

communication requires to perform the communcaition between two tasks. It should be 

allocated in an abstractChannel to perform its operations. 
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6 Extensions for the management of modeling 
configurations 

The extensions that may become useful to manage the different models and diagrams that are 

necessary along the variants of the development process used by the different partners in the 

project, are not really a fundamental increment in the modelling power of the meta-model, but 

may be a methodological enhancement that really helps to trace models along the development 

process. By modeling configurations we understand the concrete diagrams and models 

necessary for each combination of viewpoints, abstraction levels and NFPs of interest as they 

are presented in the introduction of this document.  

 

6.1 Stages in the development process: Refinement and 
abstraction 

Here we consider the management of requirements for tracing them along the development 

process. This is heavily dependent on the development procedures of the practitioner normative 

environment. 

 

6.2 Perspectives viewpoints and views 

We consider here the new proposals for the managements of viewpoints in recent versions of 

UML plus the discussions on the SySML revision task force at the OMG. 

 

6.3 Management of V&V for specific NFPs of interest 

Here it is important to assess the use of current NFP types in MARTE for modeling those 

properties in the CONTREX use cases. Additional practical experience is necessary to identify 

tools and methodologies to manipulate NFP annotations. 
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7 Link to other formalisms 

Being this a requirement identified in the survey, and considering the convenience of having at 

hand the semantics of other formalisms for facilitating the link to them, here we include the 

study of certain MoC. There have not been so far elements to add to MARTE in the CONTREX 

meta-model, but its formalization with UML will require the semantics clarifications here 

included. 

7.1 System-Level modeling Specification and Modelling 
Methodologies 

As mentioned in Section 2.2.1, a number of works, and specifically, UC and KTH, have 

background and tooling to support system-level specification relying on MoC theory. 

Moreover, background tackling the support of MoC-based modeling in UML/MARTE was 

referred. 

However, it was also mentioned that an assessment of MoC support for the purposes of 

CONTREX was also convenient, to ensure the applicability of the MoC based available tools 

and flows. 

Because of that, an assessment to confirm the suitability of the currently defined metamodel 

under MoCs perspective has been done. So far, no need for the extension has been found. 

However, the task of defining a synthetic and useful metamodel is better defined once the 

modeling and design methodologies it serves are completely defined, it makes sense the update 

of this assessmentafter the development of the modeling (T.2.2) and analysis methodologies 

(T2.3).  

In order to perform the assessment in a structured way, the objectives (and the priority order) 

with regard to the modeling methodology are the following: 

 

¶ Completeness: the elements of the metamodel shall be sufficient for capturing the 

information and semantics of the targeted MoCs without ambiguity.  

 

¶ Semantics coherence: the CONTREX metamodel should support UML+MARTE 

models supporting the SDF and SR MoC semantics, without semantic incompatibilities.  

 

¶ Suitability for later design phases: the CONTREX metamodel shall support the 

extension of the UML/MARTE model with additional annotations and information 

regarding functionality. For instance, the KTH analysis and tools require the annotation 

of worst-case execution times and memory usages for each actor in the input SDF graph 

which describes the application. 

 

¶ Feasibility: tool development and integration, and the application of the partner 

methodologies shall be feasible in the CONTREX effort and time bounds. 

 

¶ Efficient Modelling:  The task of the modeler should be as light as possible 
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Moreover, a procedure for the assessment has been defined. A first decision made in the 

assessment was to first focus on the Synchronous Dataflow (SDF) untimed model of 

computation. This is a well-know MoC and with much associated literature and precise 

executive semantics and modeling conditions described, e.g. [18]. Moreover, some CONTREX 

partners provide tools based on this MoC, and other third party tools, e.g. SDF3, are also 

available and of high utility for ensuring the correctness and analyzability of the model. After 

assessing SDF, the (ForSyDe) synchronous MoC is considered. For it, it will be exploited that 

the (ForSyDe) synchronous MoC can be related to a homogeneous SDF where the signals are 

extended with the no-value, plus additional constraints on signal events related to time 

semantics. 

 

Moreover, for the analysis, the tutorial examples of the ForSyDe methodology have been 

selected as a reference. They are simple, but yet rich in modeling elements and aspects requiring 

consideration. They enable the introduction of basic and important aspects on semantics, 

initialization and feedback loops. These aspects are analyzed first. Later on, composability is 

tackled, since these aspects are not straightforward when preservation of semantics, properties 

and analyzability are considered. Such aspects are discussed through the implementation of the 

example both in ForSyDe-SystemC and in HetSC methodologies. Then, the same aspects are 

tackled for devised UML/MARTE approaches, where the background is considered too. 

 

Figure 7.1 shows the graph representation of the example proposed for the assessment of the 

support of the SDF MoC [18] in UML/MARTE. 

 
Figure 7.1: Example used for assessing SDF MoC in UML/MARTE. 

 

Such an apparently simple example serves for introducing practically all the aspects of the 

information carried by and implicit in an SDF model (kinds of computation nodes, 

communication edges, semantics, aspects not involved by the semantics, feedback, etc). A 

detailed discussion is given in [17], where the support of MoCs in MARTE for the CONTREX 

methodologies is assessed and reported. 

 

Moreover, Figure 7.1 serves to show that an important part of the information in a SDF model 

can be captured as an SDF graph, or SDFG in short. The only SDFG enables the application of 

several system-level analyses. Specifically, [17]  shows how by capturing such graph under the 

SDF3 format, we can confirm the consistency of the graph, that it is deadlock free, etc. 

Additionally, Figure 7.1 shows the link of specific functionality to the graph nodes. Adding 

such information enables an SDF executable model. To build a SDF executable model, 

ForSyDe-SystemC or a SDF HetSC methodologies can be used, which, as well as executable, 

can also serve for early functional validation. 

 

As was mentioned, the first aspect tackled is a precise discussion on how the structure of 

concurrency is captured and which is the specific executive semantics of the model. Figure 7.2 
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and Figure 7.3 show a sketch the same abstract model of Figure 7.1 under the ForSyDe-

SystemC and HetSC methodologies respectively, thus showing the modeling elements each of 

these methodologies employ. In the former case, it is relevant the use of process constructors, 

which in ForSyDe-SystemC (SystemC implementation of ForSyDe) are encapsulated within 

SystemC modules. Therefore, an SDF node is modeled as a SystemC module enclosing a 

SystemC process. HetSC instead, directly relates the SDF node to a SystemC process, without 

preventing the user to wrap up it with a SystemC module. 

 
 

Figure 7.2: Sketch of the example (single level of hierarchy) in ForSyDe-SystemC  

 

  
 

Figure 7.3: Sketch of the HetSC model with a single level of hierarchy. 

 

A more distinguishing characteristic of the HetSC methodology is that much of the semantics 

of the model rely on channels semantics. This explains that in the HetSC SDF model rates are 

defined as an attribute of the channel employed, a HetSC provided channel called uc_arc. 

There are other less remarkable distinctions. For instance, ForSyDe-SystemC uses a delay 

element in order to capture the initial tokens, while in HetSC the initial tokens can be directly 

injected into the uc_arc channel. 

Other distinctions not so apparent in the model refer to the extent at which both ForSyDe-

SystemC and HetSC guarantee some of the constraints or conditions associated to the model 

e.g. about process structure, limitation on the number of processes writing and or reading, etc.  

However, there are many similarities, apart from abiding SDF rules and executive semantics, 

such as that each SDF node is mapped to a SystemC process, thus a concurrent activity, or that 

modular hierarchy is supported and that it is orthogonal to the executive semantics, i.e. without 

involvements on the executive semantics. 
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A detailed overview of SDF aspects and semantics, and how they are captured in ForSyDe-

SystemC and HetSC are provided in [17]. 

 

Once the modelling elements, modelling constraints and semantics defining SDF MoC are 

stated, the next step is to explore UML/MARTE models which can be linked directly or 

indirectly (through transformations) to SDF executable and analyzable counterparts, always 

aiming the objective declared at the beginning of this section. 

 

A first fact that has been realised is that given the richness of modelling elements and extension 

mechanisms provisioned by UML, there is a large variety of possible approaches that can be 

proposed. The ForSyDe-SystemC and HetSC methodologies and the aforementioned objectives 

have been considered to limit the alternatives to be assessed in the definition of the modelling 

methodology. However, the assessment of several alternatives ranging from the generality to 

versions close to the aforementioned methodologies is convenient yet. More generic 

UML/MARTE modelling approaches push model exchange and reuse, while more specific 

versions ñflavouredò to be closer to specific methodologies enables potentially more efficient 

modelling approaches and synthetic models, and surely intermediate representations which can 

facilitate the bridging between a generic UML/MARTE model (the main target) and the existing 

MoC-based modelling and analysis methodologies. 

 

Starting by ñflavouredò approaches facilitates also initial proposals and the reasoning about 

how to abstract them towards a common UML/MARTE model. Figure 7.4 shows a composite 

diagram of a ForSyDe flavoured UML/MARTE model capturing the Figure 7.1 example. 

  

 
Figure 7.4: ForSyDe flavoured UML/MARTE model for the assessed example. 

  

By means of a composite diagram, UML enables to capture most of the structural information 

of the SDFG. Specifically, SDFG nodes and edges are captured as properties typed as UML 

components and connectors.  

A composite diagram matches well specific aspects of ForSyDe-SystemC. In effect, the SDF 

nodes are captures as UML component instances, that is as UML properties, which matches 

well the way ForSyDe-SystemC processes are captured in SystemC, that is as SystemC module 

instances with ports (to abide the pattern imposed by a process constructor),  UML Connectors 

enable a very synthetic capture of the SDF edge, also enabling a one to one correspondence to 

the ForSyDe-SystemC SDF::signal.   

 

UML port multiplicity (e.g. 1..* for the out port of the avg1 instance in Figure 7.4) enables to 

capture the output multiport connection supported by ForSyDe-SystemC. Similarly, a 

multiplicity 1 can be declared for input ports (shown for some ports in Figure 7.4), which 
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ensures that the SDF composition rule which limits the number of readers of an arc is directly 

captured in UML. SDF has another rule which states that there should be a single writer to an 

actor. This is applied strictly in HetSC, and also in ForSyDe-HetSC, since a SDF signal 

connects only to one port of the output multi-port. In the UML/MARTE model shown in Figure 

7.4 this means that the number of arcs connected shall not exceed the multiplicity of the port. 

 

MARTE specific aspects are also visible in the Figure 7.4 composite diagram. Specifically, 

ports with the MARTE <<FlowPort>> stereotype are used to capture the direction of the data 

(recall that a SDFG is a directed graph). 

 

To complete the capture of a SDFG, the modelling of consumption and production rates is 

required. For this, an approach inspired on the solution adopted in [8] is shown. Specifically, it 

consists in associating the MARTE stereotype <<CommunicationEndPoint>> to both the input 

and output flow ports. This stereotype adds the attributes ñresMultò and ñpacketSizeò, in such 

a way that the value of the ñrestMultò attribute is interpreted as the amount of packets sent, 

when referring to the output flow port, and to the amount of packets received, when referring 

to the input port, for each node firing1. The ñpacketSizeò enables to model the data volume 

moved and associated to each packet (token in SDF terms) and transferred through a connector 

(arc in SDF terms). This data is useful for later performance analysis activities. 

 

 
 

                                                 
1 The solution in [8] uses a <<storageResource>> for the receiving side. This would cover the proposed case, but 
it also adds an additional semantics in the sense that it assumes that the consumer node has a receiver buffer. 
SDF does not fix if an implementation should use a transmission buffer, a receiver buffer, or both. Therefore, 
the solution proposed seems to corresponds more the to the abstraction level of the SDF semantics, and to 
provide a solution with the same symmetry that theoretical work attributes to the SDF MoC. 
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Figure 7.5: Capture of rates in the ForSyDe flavoured UML/MARTE model of the assessed 

example. 

 

In order to enable a SDF functional model, yet information regarding the data type transferred, 

and links to functionality are required. UML and MARTE provide mechanisms for capturing 

data primitive types and complex types, for instance, through the UML Datatype for primitive 

types, and through classes, for complex types.  In turn, UML ports can be typed by referring 

the aforementioned types, classes and complex types. Therefore, the model can capture not only 

the amount of data associated to the token (through the ñpacketSizeò attribute in the ports), but 

also the logic structure of such tokens or ñpacketsò transferred. This scheme requires checking 

the coherence of the packet sizes and data types associated to connected input and output ports. 

 

 

 
Figure 7.6: Port Data typing in the ForSyDe flavoured UML/MARTE model. Data types are 

previously captured in the model. 

 

In order to capture the functionality, elements as the UML Opaque behavior enable the 

association (through UML usage relationships) of functionality. The opaque behavior enables 

the description of a functionality name and also of input and output parameters. 
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Figure 7.7: Association of functionality to the nodes in the ForSyDe flavoured UML/MARTE 

model. 

 

The example shown until here, regardless other variants being assessed in the definition of the 

modelling methodology, serves to illustrate that there is no immediate need for elements out of 

the UML or the MARTE metamodel for enabling the capture of the information which can be 

associated to a SDF system-level model. 

 

However, to ensure that the enabled model has a specific executive semantics which prevents 

any kind of ambiguity when the model is exchanged among parties is as important as enabling 

means for capturing the structure and the explicit information associated to a model. A common 

mechanism employed and enabled by UML for associating more specific semantics to model 

elements is the definition of a methodology specific profile. Figure 7.8 shows a reduced SDF 

profile which would be sufficient for the purposes of the shown example. 

 

 
 

Figure 7.8: Sketch of  ForSyDe SDF profile for the ForSyDe flavoured UML/MARTE model. 
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Figure 7.9: Applying an SDF stereotype to a whole component to involve SDF semantics on 

the whole inner content. 

 

With this profile, the semantics of a specific MoC can be associated to an ambit, specifically to 

the internal ambit of a UML component. Figure 7.9 shows how it can be done in the example, 

by applying the ñSDFò stereotype, defined in the Figure 7.8 profile, to the ñtopò component. 

Through this synthetic mechanism it is stated that all the inner elements of the component have 

associated a SDF specific semantics [18]. This mechanism saves modelling effort and enables 

to keep and distinguish different MoCs in a heterogeneous model, by means of different 

components with the corresponding ñMoC stereotypesò. 

 

In case the user desires to merge modelling elements belonging to different models of 

computation within a single component model (which is often called amorphous 

heterogeneity), then the remaining profile elements shown in Figure 7.8 are useful. 

 

Figure 7.10 illustrates how the modelling patterns can be captured as a library of components, 

where each component captures process constructors semantics. In Figure 7.10 solution, the 

specific semantics of each component is stated by stereotyping (with stereotypes of the profile 

sketched in Figure 7.8). 

These components can be instantiated within a component together with components belonging 

to other MoC, thus enabling the aforementioned amorphous heterogeneity. 

 

 

 

 

 
Figure 7.10: Component library where each component is stereotyped for associating a specific 

semantics. 
































































