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Executive   summary 

This document, Deliverable D2.1, provides the foundations for the design of the MegaM@Rt2 tool              
chain. Its objective is to analyse the state-of-the-art in terms of both research approaches and existing                
modelling solutions and tools in the context of model-based continuous development. Within this task,              
relevant existing Domain Specific Languages (DSLs) and modelling technologies will be identified and             
presented, and the possibilities for their utilization, extension and/or integration within MegaM@Rt2            
will be analysed. The objective is to provide a good overview of the current state of practice, and                  
define the concepts, features and principles that will be the basis for the development of the                
MegaM@Rt2 design solutions. In particular, the foundation for models, DSLs and their semantics will              
be   addressed. 

The contents of this document, as the main tasks of Work Package 2, are organized around three                 
main topics: (i) Systems Modelling, (ii) Verification and Validation and (iii) Modelling Methodologies.             
The first one focuses on standard modelling languages and DSLs, state-of-the-art modelling tools and              
environments, and methodologies towards the participatory development of DSLs. The second topic            
covers automatic or semi-automatic solutions for the verification and validation of MDE artefacts (e.g.,              
models, transformations). Finally, the third topic covers different state-of-the-art modelling          
methodologies. 

The   document   is   closed   by   a   discussion   Section. 

An additional appendix (Appendix A) provides list of the tools that conform the baseline tools for the                 
project. The aim of this list is to provide a comprehensive catalogue of the solutions offered by the                  
different   tool   providers   to   all   the   other   members   of   the   consortium. 
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1. Introduction  

Traditionally, models were often used as initial design sketches mainly aimed for communicating             
ideas among developers. On the contrary, MDE (Model-Driven Engineering) promotes models as the             
primary artefacts that drive all software engineering activities (i.e. not only software development but              
also evolution, non-functional requirements modelling, traceability, reverse engineering, interoperability         
and so on) and they are considered as the unifying concept (Bézivin 2005). Therefore, rigorous               
techniques   for   model   definition,   analysis   and   manipulation   are   the   basis   of   any   MDE   framework.  

1.1. A   brief   introduction   to   MDE 
The MDE community distinguishes three levels of models: (terminal) model, metamodel, and            

metametamodel. A terminal model is a (partial) representation of a system/domain that captures some              
of its characteristics (different models can provide different knowledge views on the domain and be               
combined later on to provide a global view). In MDE, we are interested in terminal models expressed                 
in precise modelling languages. The abstract syntax of a language, when expressed itself as a model,                
is called a metamodel. A complete language definition is given by an abstract syntax (a metamodel),                
one or more concrete syntaxes (the graphical or textual syntaxes that designers use to express               
models in that language) plus one or more definition of its semantics. The relation between a model                 
expressed in a language and the metamodel of that language is called conformsTo. Metamodels are in                
turn expressed in a modelling language called metamodelling language. Similar to the            
model/metamodel relationship, the abstract syntax of a metamodelling language is called a            
metametamodel and metamodels defined using a given metamodelling language must conform to its             
metametamodel. Terminal models, metamodels, and metametamodel form a three-level architecture          
with levels respectively named M1, M2, and M3. A formal definition of these concepts is provided in                 
(Jouault 2006) and (Bézivin, Gerbé 2001). MDE promotes unification by models, like object technology              
proposed in the eighties unification by objects (Bézivin 2001). These MDE principles may be              
implemented in several standards. For example, OMG proposes a standard metametamodel called            
Meta Object Facility (MOF) (OMG 2016) while the most popular example of metamodel in the context                
of   OMG   standards   is   the   UML   metamodel   (OMG   2015). 

In our view the main way to automate MDE is by providing model manipulation facilities in the form                  
of model transformation operations that taking one or more models as input generate one or more                
models as output (where input and output models are not necessarily conforming to the same               
metamodel). More specifically, a model transformation Mt defines the production of a model  Mb from               
a model  Ma . When the source and target metamodels (MMs) are identical ( MMa =  MMb ), we say that                  
the transformation is endogenous. When this is not the case ( MMa ≠  MMb ) we say the transformation                 
is exogenous. An example of an endogenous transformation is a UML refactoring that transforms              
public class attributes into private attributes while adding accessor methods for each transformed             
attribute. Many other operations may be considered as transformations as well. For example,             
verifications or measurements on a model can be expressed as transformations (Bézivin, Jouault             
2005). One can see then why large libraries of reusable modelling artefacts (mainly metamodels and               
transformations)   will   be   needed. 

Another important idea is the fact that a model transformation is itself a model (Bézivin, Büttner,                
Gogolla, et al. 2006). This means that the transformation program  Mt can be expressed as a model                 
and as such conforms to a metamodel  MMt . This allows a homogeneous treatment of all kinds of                 
terminal models, including transformations.  Mt can be manipulated using the same existing MDE             
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techniques already developed for other kinds of models. For instance, it is possible to apply a model                 
transformation  Mt' to manipulate  Mt models. In that case, we say that  Mt' is a higher order                 
transformation (HOT), i.e. a transformation taking other transformations (expressed as transformation           
models)   as   input   or/and   producing   other   transformations   as   output. 

As MDE developed, it became apparent that this was a branch of language engineering (Bézivin,               
Heckel 2005). In particular, MDE offers an improved way to develop DSLs (Domain-Specific             
Languages). DSLs are programming or modelling languages that are tailored to solve specific kinds of               
problems in contrast with General Purpose Languages (GPLs) that aim to handle any kind of problem.                
Java is an example of a programming GPL and UML an example of a modelling GPL. DSLs are                  
already widely used for certain kinds of programming; probably the best-known example is SQL, a               
language specifically designed for the manipulation of relational data in databases. The main benefit of               
DSLs is that they allow everybody to write programs/models using the concepts that actually make               
sense to their domain or to the problem they are trying to solve (for instance Matlab has matrices and                   
lets the user express operations on them, Excel has cells, relations between cells, and formulas and                
allows the expression of simple computations in a visual declarative style, etc.). As well as making                
domain code programmers more productive, DSLs also enhance reliability, maintainability, portability,           
testability, and tend to offer greater optimization opportunities (van Deursen 2000). Programs written             
with these DSLs may be independent of the specific hardware they will eventually run on. Similar                
benefits are obtained when using modelling DSLs. In MDE, new DSLs can be easily specified by using                 
the metamodel concept to define their abstract syntax. Models specified with those DSLs can then be                
manipulated by means of model transformations – with ATLAS Transformation Language (ATL) for             
example   (Jouault   2008). 

When following the previously described principles, one may take advantage of the uniformity of              
the MDE organization. As an example, considering similarly models of the static architecture and              
models of the dynamic behaviour of a system allows at the same time economy of concepts and                 
economy   of   implementation. 

1.2. MegaM@Rt2   and   MDE 
The major challenge in the Model-Driven Engineering of critical software systems is the integration              

of design and runtime aspects. The system behaviour at runtime has to be matched with the design in                  
order to fully understand the critical situation, failures in design and deviations from requirements.              
Many methods and tools exist for tracing the execution and performing measurements of runtime              
properties. However, these methods do not allow the integration with system models (the most suitable               
level   for   system   engineers   for   analysis   and   decision-making). 

In the context of MDE, MegaM@Rt2 will exploit important features of: (a) MARTE, SysML and               
other Domain Specific Modelling Languages (DSML) to express both system functional and            
non-functional properties; (b) model-based verification and validation methods at design time and            
runtime; (c) methods for model management / megamodelling; (d) methods for traceability over large              
multi-disciplines models; and (e) methods for inference of system deviations and affected design             
elements; in order to create a scalable framework for model-based continuous development and             
validation   of   large   and   complex   industrial   systems. 

Different solutions exploiting such features are developed within three technical Work Packages:            
WP2, MegaM@Rt2 System Engineering (a, b); WP3, MegaM@Rt2 Runtime Analysis and WP4 (b, e),              
MegaM@Rt2   Global   Model   and   Traceability   Management   (c,   d). 
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This document is the first deliverable of Work Package 2. This WP covers the use and definition of                  
DSMLs to support model-based design, providing methods and tools to develop integrated system             
models. This includes, when needed, the specification of new domain-specific languages to cover all              
required aspects of system design. Model-based system engineering requires domain-specific          
abstractions of the application domains, and the formalized application of modelling to support system              
requirements, design, analysis, verification and validation activities from the initial phases of the             
system life cycle up until the commissioning, including not only the functional requirements but also all                
quality   aspects   (i.e.   non-functional   properties)   of   the   system. 

This WP concentrates on all the modelling and tooling aspects of MegaM@Rt. The goal is first to                 
provide the foundations for the WP3 and WP4, and later to design, develop and support the                
MegaM@Rt   tool   chain   to   be   used   by   industrial   partners   in   WP5. 

The foundations of the three technical Work Packages are defined in three different documents:              
D2.1 – Foundations for Model-driven Design Methods (this document); D3.1 – Foundations for             
Model-based Runtime Analysis Methods and D4.1 – Foundations for Model Management &            1

Traceability  2

Thus, this deliverable covers the foundations for WP2, which deals with the development of system               
modelling methods for the design level as well as with the verification and validation of design level                 
models. The work package also explores innovative methodologies and approaches for MDE            
combined   with   aspects-oriented   modelling. 

Aligned with these three main topics, this document is structured as follows. Section 2 describes               
the state-of-the-art approaches for Systems Modelling, including (i) standard modelling languages and            
DSMLs, (ii) current modelling tools and environments, and (iii) novel approaches to increase the              
participation in the creation of new DSMLs. Section 3 focuses on current approaches for model               
Validation and Verifications. Section 4 describes state-of-the-art modelling methodologies for Systems           
Engineering. Finally, Section 5 provides a discussion of the current landscape in the Model-based              
Systems Engineering field identifying new opportunities in line with the MegaM@Rt2 objectives.            
Appendix A needs a special mention, since it lists and describes all the tools provided by members of                  
the MegaM@Rt2 consortium related to the Systems Modelling topic. This appendix is meant to              
provide further details about consortium-related state-of-the-art tools while avoiding excessive details           
in the main body of the document. Similar appendices are provided in deliverables D3.1 1 and D4.1 2 ,                
thus forming the three of them a showcase of all the technologies provided by MegaM@Rt2 tool                
providers. 

  

1    http://hdl.handle.net/20.500.12004/1/P/MMART2/D3.1 
2    http://hdl.handle.net/20.500.12004/1/P/MMART2/D4.1 
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2. Systems   Modelling 

Model-Driven Engineering (MDE) has proven to be a powerful systems engineering approach in             
many different architecture domains. From the original focus on reuse, maintainability and portability in              
general-purpose software engineering (Brambilla et al. 2012), where extra-functional characteristics          
such as execution times and power consumption are not main concerns, MDE has been extended to                
distributed, real-time and embedded systems (Babau et al. 2010, Giese et al. 2010, Mallet et al. 2017),                 
with   special   focus   on   reliability,   security,   safety   and   efficiency.  

To a large extent, the history of MDE runs in parallel to the development of the metamodelling                 
framework MOF (Meta Object Facility) (OMG 2016) and UML (Unified Modeling Language) (OMG             
2015). This is the reason why UML—and its variants, such as SysML— has been extensively used in                 
systems engineering approaches that follow MDE. Several UML profiles or extensions to existing             
profiles have been proposed accordingly to cover energy and timing modelling (Herrera, Medina and              
Villar 2017). Another area of interest in last years has been mixed-criticality system modelling, analysis               
and design; in this area, several UML profiles able to cover modelling of safety constraints have been                 
proposed   (Grüttner   et   al.   2017). 

One of the main aspects that the modelling design enables is the possibility of validating systems                
using simulation and performance analysis techniques. These techniques are important to design            
systems efficiently as provide assistance to system architects and designers in making better design              
decisions   that   can   optimize   application   performance.  

In the last decade, there has been a convergence between software and systems architecture, and               
MDE. According to the  ISO/IEC/IEEE 42010-2011 Systems and Software Engineering—Architecture          
Description standard, an Architectural Language (AL or Architecture Description Language, ADL) is            
“any form of expression for use in architecture descriptions”. An AL can be a formal language, an                 
architecture analysis and design language, a UML-based notation or any other way to describe a               
software architecture. An AL can be considered a DSML tailored to the software architecture domain.               
From this perspective, architecture models describe the software architecture of a system according to              
the structure and constraints dictated by the AL metamodel, and model transformation engines and              
generators (as well as other MDE techniques) can be used to accommodate the AL requirements               
discussed   earlier.  

In order to be effective, AL must satisfy important requirements from the perspectives of language               
definition  (extra functional properties, formal semantics, graphical and textual specification),          
language mechanisms  (multiview management, extensibility and customization, programming        
framework), and  tool support  (software-architecture-centric design, automated analysis, large view          
management, collaboration, versioning and knowledge) (Lago et al. 2015). Despite the huge number             
of AL that have been proposed since the late 1980s, “evidence today shows that industry-ready,               
well-accepted, and recognized languages for producing architecture descriptions are still lacking”           
(Lago et al. 2015). Some of the specific problems that the current level of AL adoption shows are                  
(Malavolta   et   al.   2013): 

1. While practitioners are generally satisfied with the design capabilities provided by the            
languages they use, they are dissatisfied with the architectural language analysis features and             
their   abilities   to   define   extra-functional   properties; 

2. Architectural languages used in practice mostly originate from industrial development instead           
of   from   academic   research; 

3. More   formality   and   better   usability   are   required   of   an   architectural   language. 
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MDE has been proposed as a means to improve software and systems architecture design and,               
more recently, to specifically satisfy the important requirement for AL (Lago et al. 2015). Although               
current limitations to this approach have already been identified, many advantages arise from applying              
MDE   concepts   and   technologies: 

● MDE can be used to define precise and unambiguous modelling languages  by using             
advanced and matured metamodelling (conceptual) frameworks, such as MOF (Meta-Object          
Facility) and UML (Unified Modeling Framework) and programming frameworks, such as EMF            
(Eclipse   Modeling   Framework); 

● MDE offers a  variety of solid (linguistic and ontological) metamodelling approaches           
(Atkinson and Khüne 2003), from using UML (Unified Modeling Language) as-is to defining             
industry-wide or in-house domain-specific modelling languages (DSML) from scratch by using           
MOF or building on top of existing modelling languages through lightweight (ontological)            
extension   mechanisms,   such   as   UML   Profiles; 

● MDE offer  flexibility to define, use and evolve modelling languages. Extensive research has             
been carried out in the extension mechanisms and evolution techniques for modelling            
languages. It also provides solutions for the problems of model sharing and versioning in              
collaborative   scenarios,   including   the   management   of   large-scale   (big)   models; 

● MDE   provides   means    to   give   precise   behavioural   semantics    to   modelling   languages: 

○ Specifying constraints on elements of the language, for example, with constraint           
languages   such   as   Object   Constraint   Language   (OCL)   (OMG   2014); 

○ Mapping the language’s structure onto a semantic domain, for example, via model            
transformations; 

○ Specifying precise (detailed) operational and base semantics, for example, with action           
languages such as Foundational UML (fUML) (OMG 2011, 2017a) and Action           
Language   for   fUML   (Alf)   (OMG   2010,   2017b).  

● MDE provides a set of  engines (programming frameworks) for graphical, tree-based, and            
textual   editors    with   various   levels   of   automation; 

● MDE provides a set of  model transformation engines (programming frameworks) for the            
automation of model transformations. They can be used not only to derive models from other               
models,   but   also   to   automate   model   analysis   (e.g.,   measurement)   and   verification   tasks. 

An interesting account of the state of the practice of architecture (description) languages versus              
UML   in   systems   engineering   is   given   by   Malavolta   et   al.   (2013)   following   a   survey   of   40   IT   companies: 

● 86% of organizations use UML or a UML profile for representing the software architecture of               
systems; 

● Around 12 percent of companies use ALs exclusively, around 35 percent use a combination of               
AL   and   UML,   and   around   41   percent   use   UML   exclusively; 

● Apart from ad hoc languages, the most-used ALs are AADL (Architecture Analysis and Design              
Language, around 16%), ArchiMate (around 11%), Rapide (around 7%), and EAST-ADL           
(around   4%).  
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In the following sections we present the most popular systems modelling languages and tools.              
Section 2.1 presents the most relevant modelling languages and Section 2.2 the corresponding tools              
or tool suites that give support to them. Finally, in Section 2.3 we address the problem of collaborative                  
system   modelling   and,   more   specifically,   the   state   of   the   practice   in   model   sharing   and   versioning. 

2.1. Standard   Modelling   Languages   and   Domain-Specific   Modelling   Languages 
This section provides an overview of various modelling languages used in different domains, such              

as AADL for avionics, EAST-DL for automotive, UML for software engineering and SysML for systems               
engineering. The section takes a look at these languages (along with their characteristics, such as               
their capability to model system performance). The next section (2.2) presents modelling tools and              
environments   giving   support   to   these   languages. 

Architecture   Analysis   &   Design   Language   (AADL) 

The Architecture Analysis & Design Language (AADL) (SAE 2004) is a standard language for              3

embedded real-time systems initially oriented towards the avionics and automotive sectors. The first             
proposal was developed in November, 2004. AADL proposes a component-based approach that fits             
with safety-critical system needs and it is composed of several specialized hardware and software              
components which can be extended or refined to model safety-critical architectures, along with their              
requirements and properties. The use of AADL eases system analysis before implementation efforts             
(Delange et al. 2009). AADL is especially effective for model-based analysis and specification of              
complex   real-time   embedded   systems. 

AADL   includes   software,   hardware,   and   system   component   abstractions   to: 

● Specify and analyse real-time embedded systems, complex systems of systems, and           
specialized   performance   capability   systems; 

● Map   software   onto   computational   hardware   elements.  

The   component   abstractions   of   the   AADL   are   separated   into   three   categories: 

1. Application   software   (threads,   processes,   data,   etc.); 
2. Execution   platform   (hardware)   (memory,   processors,   devices,   etc.); 
3. Composite - Design elements that enable the integration of other components into distinct             

units   within   the   architecture. 

Modelling   Kind Support 

Structural   Design Yes 

Discrete   Behavioural Yes. Connections between elements (threads, processors) can model        
relationships   such   as   precedences,   message   exchange,   etc. 

Event   Based   Behavioural Yes.   Threads   can   be   defined   as   periodic,   sporadic,   etc. 

Timing Yes.   It   uses   timed   automata. 

Safety Yes.   With    AADL   Error   Model   Annex .   It   focuses   on: 

3      AADL   website.    http://www.aadl.info/aadl/currentsite/ 
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● Fault   interaction   with   other   components 
● Fault   behaviour   of   components 
● Fault   behaviour   in   terms   of   subcomponent 
● Types   of   malfunctions   and   propagations  

Performance Yes,   with   tools   such   as   Cheddar. 

Requirement Yes,   with: 
1. AADL   Requirements   Annex 
2. REAL (Requirement Enforcement Analysis Language). REAL      

aims to check adequacy between different parts of        
architectural descriptions, with emphasis to conciseness and       
simplicity. It is a language based on set manipulation. It          
allows to build sets whose elements are AADL instances         
(either connections, components or subprogram calls) by       
providing their first-order logic definition. Verifications can       
then be performed on either a set or all its elements by            
stating   boolean   expressions   on   them. 

Traceability Yes.   With   AADL   Requirements   Annex 

 

Unified   Modelling   Language   (UML) 

The Unified Modelling Language (UML) (OMG 1996) is a standard language for Object Oriented              
Modelling (OOM) mainly used for Software engineering. The first version of UML (0.9) has been               
defined in 1996 by the OMG. This first version has been specified by reusing concepts existing in                 
several methods including Booch, OMT (Rumbaugh) and OOSE (Jacobson). The UML 2.5 is the latest               
version   and   has   been   release   in   2015.  

UML defines an object-oriented approach, which is massively used for software development. UML             
defines   13   diagrams,   which   can   be   sort   in   two   categories: 

1. Static   view,   which   includes:  

a. Class   diagram,   describing   objects   and   their   relations; 
b. Object   diagram,   used   for   describing   object   instances   and   their   links; 
c. Package   diagram,   describing   the   logical   organisation   of   the   system; 
d. Component   diagram,   describing   components   and   their   interfaces; 
e. Composite   Structure   diagram,   depicting   the   internal   structure   of   a   component; 
f. Deployment   diagram,   showing   the   physical   deployment   of   objects. 

 
2. Dynamical   view,   which   includes: 

a. Use   Case   diagram,   describing   external   functionalities   of   the   described   system; 
b. Activity   diagram,   showing   the   action   of   a   process; 
c. State Machine diagram, for modelling the possible states and transitions of a given             

object; 
d. Sequence diagram, to describe the sequential interactions between instances of          

objects.  
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e. Communication diagram describing, like the sequence diagram, the interactions         
between   instances   of   objects. 

f. Interaction Overview diagram combining activity and sequence diagrams to show the           
flow   between   sequences. 

g. Timing   diagram   to   show   the   object   properties   evolution   over   time. 

Modelling   Kind Support 

Structural   Design Several diagrams allow structural view, as Class or Component         
diagram for example. These diagram allow the representation of         
objects   with   their   properties   and   structural   relations. 

Discrete   Behavioural Time in milliseconds or hours can be included in sequence diagrams           
for example. However, UML does not provide any formal specification          
of   timing   notations.  

Event   Based   Behavioural State machine diagram represent the states and transition between         
these   states.   These   transition   are   triggered   by   occurrence   of   events. 

Timing No   (but   possible   with   UML   profiles   such   as   MARTE) 

Safety No 

Performance No   (but   possible   with   UML   profiles   such   as   MARTE) 

Requirement Use cases represent the expected functionalities of the system from          
an   external   point   of   view. 

Traceability No   (but   possible   with   UML   profiles   such   as   MARTE   or   SysML) 

  

System   Modelling   Language   (SysML) 

System Modelling Language (SysML) (INCOSE 2001) is a standard language in system            
engineering. Originally defined by the INCOSE in 2001, the latest version (SysML 1.5) has been               
defined   by   the   OMG   in   2017. 

SysML defines a component- (block-) oriented approach that fits with software development needs.             
SysML   defines   9   diagrams,   which   can   be   sort   in   three   categories: 

1. Static   view,   which   includes:  

a. Block diagram, describing the block (component) composing the system and their           
relation; 

b. Internal   Block   diagram,   depicting   the   internal   structure   of   a   given   block; 
c. Package   diagram,   describing   logical   organisation; 
d. Parametric   diagram,   specifying   the   mathematical   equations   inside   the   system. 

2. Dynamical   view,   mostly   identical   to   UML,   which   includes: 

a. Use   Case   diagram,   describing   external   functionalities   of   the   described   system; 
b. Activity   diagram,   showing   the   actions   of   a   process; 
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c. State Machine diagram, for modelling the possible states and transitions of a given             
object; 

d. Sequence diagram, to describe the sequential interactions between instances of          
objects.  

3. Requirement   view,   which   includes: 

a. Requirement diagram, to specify the system requirements and their relations between           
them   or   with   the   system. 

Modelling   Kind Support 

Structural   Design By using Block Definition Diagram and Internal Block Definition         
Diagram, SysML allows the system decomposition in terms of block          
or sub-block, including their properties and the relations between         
them. 

Discrete   Behavioural Behavioural definitions are possible using behavioural diagrams such        
as   state   machine   diagram. 

Event   Based   Behavioural As   for   UML,   State   machine   can   be   used   for   this   kind   of   modelling. 

Timing Similar to UML, while time concepts can be defined as strings, there            
is   no   timing   notation   present   in   SysML. 

Safety No 

Performance No 

Requirement SysML, like UML, provides use case diagram in order to specify           
expected system functionalities. However, SysML also defines a        
simple requirement concept (defined by an ID, a name, and a           
description) and the possible relation(s) between these requirements        
and/or the system element(s). Note that the SysML specification itself          
encourages the SysML user to enrich the requirement concept with          
all   needed   properties   required   by   the   domain   usage.  

Traceability SysML defines a concept named allocation which associates a client          
SysML element to a supplier SysML element. This generic concept          
allows traceability between, for example, functional and structural        
modelling by allocating use cases (expected function) to blocks         
(structural   element).  

  

Modeling   and   Analysis   of   Real-Time   Embedded   Systems   (MARTE) 

The UML profile for Modeling and Analysis of Real-Time Embedded Systems (MARTE) expands             
upon both UML and SysML; and provides extensions (e.g., for performance and scheduling analysis).              
The   latest   version   of   the   MARTE   specification   (v1.1)   was   finalized   in   June   2016. 

The MARTE profile enables to model software and hardware aspects of a real-time embedded              
system along with their relations. It also allows taking into consideration platform services (such as the                
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services offered by an OS). MARTE does not provide any additional diagrams as compared to UML.                
However, MARTE concepts can be used in all UML static and dynamic views. The major concepts in                 
MARTE   are: 

● Non Functional Properties (NFPs) : MARTE allows describing properties that are not related to             
functional aspects: e.g. related to energy consumption, memory utilization, consumed          
resources,   etc. 

● Time Modelling: MARTE advocates concepts mainly used in synchronous domain as well as in              
discrete real-time systems. It enables usage of time and clock constraints on UML behavioural              
models   such   as   sequence   diagrams   and   state   machines. 

● Allocation: The allocation mechanism in MARTE enriches the SysML Allocation concept and            
allows   mapping   application   tasks   onto   the   architecture   resources. 

● Generic Quantitative Analysis Modelling: These MARTE concepts allow designers to focus on            
high-level analysis, which can be for the software behaviour (such as schedulability and             
performance)   as   well   as   other   aspects   such   as   power,   energy,   fault   tolerance,   etc. 

● Schedulability Analysis Modelling: MARTE also has the capability to carry out schedulability            
analysis of either the global system or a subsystem, to meet certain constraints such as               
related to time (e.g., deadlines). Schedulability analysis also helps in the optimization of the              
system. A system can be analysed under different scenarios or input values in order to               
observe   the   differences.  

● Performance Analysis Modelling: Finally, MARTE provides designers the feature to carry out            
analysis   of   temporal   properties   of   real-time   embedded   systems. 

Modelling   Kind Support 

Structural   Design MARTE uses UML structural design views: As such, MARTE         
concepts   can   be   used,   for   example,   in   Class   or   Component   diagrams. 

Discrete   Behavioural MARTE timing and value specification features allow to annotate         
models   with   timing   notations.  

Event   Based   Behavioural Similar to that for UML structural design, MARTE concepts can be           
applied for e.g. on UML state machines, sequence and activity          
diagrams.  

Timing Yes, MARTE provides timing notions such as timing and clock          
constraints. 

Safety No 

Performance Yes, MARTE provides performance concepts which can be used for          
analysis   of   system   performance 

Requirement UML   use   cases   can   be   used   coupled   with   MARTE   concepts. 

Traceability Traceability between MARTE concepts can be carried out using         
MARTE   allocation   concept. 
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EAST-ADL 

EAST-ADL is an Architecture Description Language (ADL) for modelling automotive embedded           
systems. It was initially defined in the ITEA project EAST-EEA, and subsequently, refined and aligned               
with the modelling approach of the AUTOSAR automotive standard in other national and international              4

funded projects (Blom 2013). EAST-ADL is currently maintained by EAST-ADL Association in            5

cooperation   with   the   European   FP7   MAENAD   project. 

EAST-ADL provides different views over the system through four different abstraction levels: the             
Vehicle Level , the highest level of abstraction describing the electronic features as they are perceived               
externally; the  Analysis Level , which provides an abstract functional representation of the architecture;             
the  Design Level, providing detailed functional representation of the architecture along with the             
allocation of the architectural elements onto the hardware platform, and the  Implementation Level ,              
which provides the implementation of the system based on AUTOSAR concepts. These abstraction             
levels   are   illustrated   in   Figure   1. 

EAST-ADL enables to describe aspects of automotive electronic systems, (including vehicle           
features, requirements, analysis functions, software and hardware components and communication)          
through an information model that captures engineering information in a standardised form. EAST-ADL             
does not provide support to represent the system implementation, which is instead defined and              
complemented by using AUTOSAR. However, EAST-ADL supports the traceability from EAST-ADL’s           
lower   abstraction   levels   to   the   implementation   level   elements   in   AUTOSAR. 

 

Figure   1.   The   EAST-ADL’s   breakdown   in   abstraction   levels   (vertically)   and   in   core   system 
model,   environment   and   extensions   (horizontally). 

4   AUTOSAR   Development   Partnership:   AUTOSAR   web   site.    http://www.autosar.org/  
5   EAST-ADL   Association:    http://www.east-adl.info/  
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The   limitations   of   Standard   EAST-ADL,   according   to   (Blom   2013),   are   the   following   ones: 

● The   behaviour   modelling   is   limited   to   attributes   at   the   component   level,   such   as 

○ Operational   modes 
○ Communication 
○ Execution   triggers 

● The details within the component are supplied by external tools, for example, Simulink, UML,              
C   code,   etc. 

● Early   verification   of   the   functional   correctness   of   the   specified   embedded   systems   is   absent. 

Modelling   Kind Support 

Structural   Design Yes. EAST-ADL modelling tools such as Papyrus allow to model the           
structural aspects of automotive elements and describe the        
dependencies   between   them   with   the   EAST-ADL   standard. 

Discrete   Behavioural EAST-ADL includes behaviour elements to describe the relationship        
between behavioural and structural models. EAST-ADL allows the        
integration of behaviour models from off-the-shelf tools (such as         
SCADE, ASCET, and Simulink) according to lifecycle stages and         
stakeholder needs. The behaviour of the elementary function must be          
deterministic and the communication must be asynchronous data        
transfer.  

Event   Based   Behavioural For continuous-time behaviour (e.g., for the vehicle dynamics under         
control), related modelling techniques from Modelica, which combines        
a   causal   modelling   with   object-oriented   thinking,   have   been   adopted. 

Triggers   of   components 
● Periodic,   event   (data   receive   event   and   client   server   event) 

Communication   ports 
● A   message   buffer   at   each   incoming   FlowPort 
● The   semantics   of   the   buffer   is   fixed   in   EAST-ADL 

○ Buffered   message   queue   of   length   1 
○ Non-blocking 
○ Over-writable 
○ Persistent   data 

Timing It is supported that timing information, including timing requirements         
and timing properties, where the actual timing properties of a solution           
must   satisfy   the   specified   timing   requirements. 
  
The Timing Augmented Description Language (TADL), developed in        
the context of the TIMMO project, is used to model timing           
requirements and properties at the functional abstraction levels of the          
architecture description language. Instead, at the implementation       
level (using an AUTOSAR representation), the Timing Extensions in         
AUTOSAR   are   used. 
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Safety EAST-ADL provide supports for safety analysis, specification of safety         
requirements, and safety design. In particular, EAST-ADL supports        
the implementation of concepts of the safety standard ISO 26262,          
including vehicle-level hazard analysis and risk assessment, the        
definition of safety goals and safety requirements, the ASIL         
(Automotive Safety Integrity Level) decomposition and the error        
propagation. There is a dedicated package in the EAST-ADL         
specification called “Dependability” providing concepts for capturing       
Hazards,   SafetyRequirements,   SafetyGoals,   FaultFailures,   etc.  

Performance EAST-ADL does not explicitly address performance; however, the        
hardware modelling package that helps to capture certain        
characteristics of the hardware platform (e.g., ExecutionRate of a         
CPU node) together with the Timing package capturing timing         
characteristics of software components and tasks can help to capture          
some   aspects   of   performance   as   part   of   the   models.  

Requirement EAST-ADL provides support for requirements specification, i.e. for        
specifying the required properties of the system (at varying degrees          
of abstraction). Requirements concepts are aligned with the SysML         
and Requirements Interchange Format (ReqIF) standards, and are        
adjusted   to   follow   the   meta-model   structure   of   EAST-ADL. 

Traceability Yes. EAST-ADL supports the traceability from EAST-ADL’s lower        
abstraction levels to the implementation level elements in AUTOSAR.         
Also as stated in the specification “entities on different abstraction          
levels are related with a realization association to allow traceability          
analysis. Traceability can also be deduced from the requirements         
structure”.  

 

UML   Testing   Profile   (UTP) 

Model-driven development has gained an increasing role in software products quality improvement            
(OMG 2013). Considering that UML has some limitations for providing the design and development of               
test artefacts, OMG has decided to develop a UML profile for supporting model-driven testing, called               
the UML Testing Profile (UTP). Moreover, UTP provides a systematic test process, which can be used                
for   both   functional   and   non-functional   testing,   test   modelling   and   also   test   specification   (OMG   2013). 

Since UTP was built upon the UML, it can be combined with other profiles of that ecosystem in                  
order to associate test-related artefacts, e.g., requirements, risks, use cases, business processes, and             
system specifications (OMG 2013). In other words, UTP provides a proper way to fill the gap between                 
various engineering disciplines such as requirements engineering, particularly between system          
engineers and test engineers (Schieferdecker 2004). We summarize in what follows some of the most               
important   capabilities   of   UTP: 

● Testing   and   business   domain   analysis   integration; 
● Automation   of   test   design; 
● Reuse   of   testing   artefacts   across   a   broader   scope; 
● Business   change   and   testing   kept   in   lock   step; 
● Test   result   attestation   generalised,   simplified; 
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● Quality   assurance   over   testing. 
UML Testing Profile 2 (UTP 2) is the last version of UTP, which was aimed at solving the                  

shortcomings of the previous versions and the most urgent requirements for a successor specification              
from   OMG   and   model-based   testing   community   (Wendland   2011).   The   major   purposes   of   UTP   2   are: 

● to define a testing profile to capture all required information by various test processes to allow                
black-box   testing   (i.e.   at   UML   interfaces)   of   computational   models   in   UML 

● to   provide   a   standard   testing   profile   based   upon   UML   2.0: 

○ enabling test definition and generation based on structural (static) and behavioural           
(dynamic)   aspects   of   UML   models,   and 

○ capable   of   interoperation   with   existing   test   technologies   for   black-box   testing. 

● to   specify: 

○ test purposes for computational UML models, which should be related to relevant            
system   interfaces, 

○ test   components,   test   configurations   and   test   system   interfaces,   and 
○ test   cases   in   an   implementation   independent   manner. 

Figure 2 illustrates the overall architecture of UTP language, which consists in two main packages:               
1)   a   model   library   that   provides   predefined   types   which   will   be   used   by   2)   a   profile   for   its   definition. 

 

Figure   2.   The   UTP   Language   Architecture 

 

Modelling   Kind Support 

Structural   Design Yes, but only in terms of testing artefacts. UTP allows structural test            
modelling through Test architecture, Test configuration, Stimuli and        
oracles ,   Data   partitions   and   data   pools. 
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Discrete   Behavioural Yes, but only in terms of testing; i.e., Abstract/concrete vs.          
logical/technical   test   cases. 

Event   Based   Behavioural UTP allows capturing test behaviour, which provides a tester‘s view          
of how the system should be used according to its requirements. Test            
behaviour is expressed as behavioural descriptions of the SUT and          
test components, the direct interaction among SUT and test         
components,   and   the   global   representation   of   the   interaction. 

Timing To a certain extent, as UTP provides the following time-related          
concepts: Time/Timepoint, Duration, TimeZone, Timer (and      
StartTimeAction, StopTimerAction, TimeOutMessage, etc.), and     
Scheduler (which is mainly for the order and sequence of test           
activities)   (OMG   2013). 

Safety No 

Performance UTP is only concerned with testing activities, not performance of the           
system. From testing perspective, in UTP, test planning is used to           
develop the test plan. Depending on where in the project this activity            
is implemented, it may produce a Project Test Plan (top level) or a             
test plan for a specific phase, such as a System Test Plan, or a sub               
test plan for a specific type of testing, such as a Performance Test             
Plan. Modelling can support aspects of such documents. UTP         
contributes a dedicated concept called test objective to the test          
planning   and   scheduling   phase. 

Requirement Users may want to combine UTP and SysML in order to leverage the             
requirements capabilities introduced by SysML to express       
requirements traceability. In addition, UTP can be used to specify          
tests for socio-technical systems defined in SysML. Also SysML         
provides the user with dedicated concepts to deal with requirements.          
Thus, users may use those concepts in combination with UTP to           
conduct   requirements-driven   testing. 
The  TestObjectiveSpecification  concept in UTP can also be        
considered   as   a   way   to   capture   some   system   requirements.  

Traceability UTP contributes a dedicated concept called test objective to the test           
planning and scheduling phase. A test objective represents an early,          
mostly informal (textual) specification of later-to-be-realized test       
cases. The benefit of test objectives is traceability between         
requirements and the testing artefacts can be established at that          
early point in time, which is used subsequently to establish a           
coherent   requirements   traceability   network.  

 

FBD   and   UPPAAL   Modelling   of   Embedded   Software 

Industrial control software using Programmable Logic Controllers (PLC) are developed using           
standardized languages such as IEC 61131-3. FBD, a PLC programming language standardized by             
IEC 61131-3, is very popular in the industry because of its graphical notations and its data flow nature                  
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(Ohman 1998). Blocks in an FBD model form the basis for a structured and hierarchical program                
supplied by the manufacturer, defined by the user, or predefined in a library. Although the FBD                
description is not limited to a particular programmable logic controller development style for FBD              
programs, the modelling paradigm is adapted to PLC control application compliant with the IEC              
61131-3 standard (Ohman 1998). A PLC periodically scans an application program, which is loaded              
into the controller’s memory. The FBD model (Tiegelkamp 2010) is created as a composition of               
interconnected blocks which have data flow communication. When activated, a program executes            
using   one   set   of   input   data   and   executes   to   completion.  

The architecture model specifies the syntax and semantics of a unified control software based on a                
PLC configuration, resource allocation, task control, program definition, function block repository, and            
program code (Thieme 2002; Tiegelkamp 2010). The FBD models contain a particular type of blocks               
called timers. These timers are output instructions that provide the same functions as timing relays and                
are used to activate or deactivate a device after a preset interval of time. There are two different timer                   
blocks (i) On-delay Timer (TON) and (ii) Off-delay Timer (TOF). A timer block keeps track of the                 
number of times its input is either true or false, and outputs different signals based on these counters.                  
In   practice,   many   other   time   configurations   can   be   derived   from   these   basic   timers. 

Some researchers (Dierks 2001;  Enoiu 2016 ) proposed a new class of automata suitable for FBDs               
and this definition is the basis for implementing a model-to-model transformation for FBD models.              
These models can be specified on an implementable subset of timed automata (Alur 1990). A timed                
automaton is a standard finite-state automaton extended with a collection of real-valued clocks. The              
model was introduced by Alur and Dill (Alur 1990) and has gained in popularity as a suitable model for                   
real-time and embedded software. A state of the automaton depends on its current location and on the                 
current values of its clocks. In timed automata, the FBD model’s behaviour is represented as a timed                 
graph consisting of a finite set of locations and a finite set of labelled edges that connect the locations.                   
The graph is extended with real-valued timing constraints that use real-valued variables called clocks,              
which measure the elapse of time. The clock variables are initialized with zero when the model is                 
started, and then increase all at the same rate (Alur 1990). Constraints on clocks represent guards                
that are assigned on edges. Actions and invariant conditions, which are boolean constraints on clocks,               
set   upper   bounds   on   the   time   that   the   model   is   allowed   to   delay   in   a   location. 

To model concurrent software, timed automata uses parallel composition that allows interleaving of             
actions as well as handshake synchronizations. Timed automata composed in parallel form a network              
of timed automata, which is semantically defined as a labelled transition system, where the current               
state of the system is defined by the current location of all the timed automata in the network, together                   
with the current valuation of the clock variables. The transitions from one state to another can be: (i)                  
discrete transitions, corresponding to traversing an edge whose guard is satisfied, or (ii) delay              
transitions,   with   all   clocks   in   the   network   being   incremented   with   the   same   value. 

Modelling   Kind Support 

Structural   Design Yes. Structural information can be represented using FBD and timed          
automata   elements. 

Discrete   Behavioural Yes. Behavioural information can be represented using timed        
automata   and   function   blocks. 

Event   Based   Behavioural No. 
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Timing Yes. Timers and timing information can be represented using specific          
blocks   and   clock   variables. 

Safety Yes. Safety properties can be expressed and checked using the          
UPPAAL   model   checker. 

Performance Yes. The formal model can be manually extended with resource          
annotations (based on the information provided in the FBD model)          
creating a network of priced timed automata that can be analysed           
with UPPAAL SMC to provide information about the resource usage          
of   the   system. 

Requirement Yes.   Requirements   can   be   expressed   as   reachability   properties. 

Traceability No. 

 

Foundational   UML   (fUML) 

The idea of directly executing UML (Unified Modeling Language) models dates back to the origins               
of the language. Different approaches to executable UML have been proposed: xtUML by             6

Shlaer–Mellor’s school, xUML by Kennedy Carter's followers and the different initiatives underwent by             7

OMG: starting with UML Action Semantics and ending with fUML (OMG 2011, 2017a) and Alf (OMG                
2010, 2017b). These approaches differ in the action language and/or the underlying precise action              
semantics given to UML. This is the reason why they have been competing for public adoption, which                 
in turn has dampered openness, standardization and community-building in Executable UML for more             
than   a   decade   (see   Section   3.2   Model   Validation   for   more   details).  

UML model execution requires precise (detailed) semantics of UML constructs. Inspired by the             
Shlaer–Mellor Method, the concept of Action Semantics was included in UML 1.x as an compatible               
mechanism for specifying semantics of actions in a software-platform-independent manner. However,           
it did not include an action language (e.g., a textual notation) to embody the new semantics; it simply                  
suggested the proposed action semantics to one or more existing action language syntaxes (coming              
either from Shlaer–Mellor’s or Kennedy Carter's schools). The action metamodel in UML 1.5 had a               
strong influence on the abstract syntax for actions in the new UML 2.0, adopted in 2005 (Seidewitz                 
2008). However, the standard continued to lack an action language and the action semantics              
continued   being   imprecise   as   described   in   informal   text. 

In 2011, the OMG (Object Management Group) released the first version of Foundational UML              
(fUML) as an answer to the search for a standard precise semantics for executable UML. This is in fact                   
a foundational subset of UML which allows for execution (OMG 2011, 2017a). fUML provided the first                
precise (detailed) operational and base semantics for a subset of UML encompassing most             
object-oriented (e.g., Class models) and activity modelling (e.g., State Machine and Activity models).             
fUML aims at facilitating the specification of action semantics with a focus on the existing abstract                
syntax of UML; it does not deal with concrete syntax (notation) issues. Action Language for fUML (Alf)                 
extends fUML to provide such a concrete syntax in the form of a textual notation (OMG 2010, 2017b).                  
This acts as “a textual surface representation for UML modelling elements” and a textual notation for                

6    https://xtuml.org/ 
7   Abstract   Solutions:    https://www.abstractsolutions.co.uk/XUML/ 
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the actions carried out upon them. The execution semantics for Alf are given by mapping the Alf                 
concrete   syntax   to   the   abstract   syntax   of   fUML. 

The fUML 1.3 standard proposes three levels of conformance, each of them contributing (merging)              
packages   providing   increasing   levels   of   UML   executability: 

● L1   does   not   support   actions   and   activities.   It   includes   the   following   packages: 

○ Classes::Kernel   (basic   object-oriented   capabilities). 
○ CommonBehaviors::BasicBehaviors   (general   behaviour). 
○ CommonBehaviors::Communications   (asynchronous   communication). 
○ Loci::LociL1 (key concepts that provides the abstract external interface of the           

execution   model;   the   subpackage   LociL1   contains   the   majority   of   the   classes). 

● L2   supports   actions   and   structured   activities,   adding   the   following   packages:  

○ Activities::IntermediateActivities. 
○ Actions::BasicActions. 
○ Actions::IntermediateActions. 
○ Loci::LociL2 (key concepts that provides the abstract external interface of the           

execution model; the subpackage LociL2 specializes execution factories that are used           
to instantiate semantic visitor classes corresponding to executable syntactic elements          
at   the   conformance   level   2). 

● L3   supports   actions   and   complete/extra   structured   activities,   adding   the   following   packages:  

○ Activities::CompleteActivities. 
○ Activities::CompleteStructuredActivities. 
○ Activities::ExtraStructuredActivities. 
○ Actions::CompleteActions. 
○ Loci::LociL3 (key concepts that provides the abstract external interface of the           

execution model; the subpackage LociL2 specializes execution factories that are used           
to instantiate semantic visitor classes corresponding to executable syntactic elements          
at   the   conformance   level   3). 

 

Modelling   Kind Support 

Structural   Design Yes. fUML provides means for precise semantics of UML elements          
giving   support   to   structural   design. 

Discrete   Behavioural Yes. fUML provides means for precise semantics of UML elements          
giving support to discrete behavioural modelling. Nevertheless, the        
standard specifies one explicit semantic variation point in which the          
fUML   execution   model   can   be   extended   (OMG   2017a,   page   9): 

● Polymorphic operation dispatching – Operations in UML are        
potentially polymorphic (i.e. multiple methods for any one        
operation). The determination of which method to use for a          
given invocation of the operation depends on the context and          
target of the invocation. The specification for this        
determination is provided in the execution model by the         
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dispatch operation of the Object class (see sections 8.4.2 and          
8.6.2 of the standard); the standard provides a default rule for           
how this dispatching is to take place; however, a conforming          
execution   tool   may   define   an   alternative   rule. 

Event   Based   Behavioural Yes. Provides the means for precise semantics for UML elements          
giving support to event-based behavioural modelling. Nevertheless,       
the standard specifies one explicit semantic variation point to extend          
the   fUML   execution   model   (OMG   2017a,   page   9): 

● Event dispatch scheduling – Event occurrences received by        
an active object are placed into an event pool (see section           
8.4.3 of the standard). The event occurrences in the pool are           
then asynchronously dispatched, potentially triggering waiting      
acceptors of such events. By default, events are dispatched         
from the pool using a first-in first-out (FIFO) rule. However, a           
conforming execution tool may define an alternative rule for         
how   this   dispatching   is   scheduled. 

Timing No. fUML execution model is agnostic about the semantics of time.           
This allows for a wide variety of time models to be supported,            
including discrete time (such as synchronous time models) and         
continuous (dense) time. Furthermore, “it does not make any         
assumptions about the sources of time information and the related          
mechanisms, allowing both centralized and distributed time models”        
(OMG   2017a,   page   8). 

Safety No. fUML does not specify semantics of inter-object communications         
mechanisms, that is, communication properties of the medium        
through which signals and messages are passed between objects,         
including security and safety. The execution model is written as if all            
communications were perfectly reliable (i.e., that signals and        
messages are never lost or duplicated), deterministic (i.e. preserves         
ordering, happens with deterministic or non-deterministic delays, and        
so   on)   and   secure   (OMG   2017a,   page   8). 

Performance No. fUML execution model places various creation, termination, and         
synchronization constraints on execution threads; in other words, any         
sequentially ordered, or partially or totally parallel, execution of         
concurrent threads conforms to a legal execution trace. Although         
fUML includes an implicit concept of concurrent threading of         
execution (OMG 2017a, section 8.5.1) it does not require that a           
conforming execution tool actually execute such concurrent threads in         
a physically parallel fashion and it is agnostic about the actual           
scheduling of execution of concurrent threads that are not physically          
executed   in   parallel. 

Requirement The   same   support   as   coming   from   UML. 

Traceability No 
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2.2. Modelling   Tools   and   Environments 
This section presents the state-of-the-practice through an overview of tools and environments that             

give support to the system modelling languages presented in the previous section. These toolsets may               
or may not be provided by the technology providers in this project; this section is intended to present                  
relevant modelling technologies, regardless they are under the current capabilities of the consortium             
members. Note that baseline tools and environments provided by MegaM@Rt2 partners—including           
some of the tools and environments presented in this section—are listed in the Appendix, which is                
meant to be a showcase of the capabilities of the partner's baseline tools: configuration management,               
extensibility,   source   code   availability,   licensing   schema,   etc. 

Modelio 

 

Modelio is an open source modelling environment (UML2, BPMN2, MARTE and SysML among             8

others). Modelio delivers a broad-focused range of standards-based functionalities for software           
developers, analysts, designers, business architects and system architects. Modelio is built around a             
central   repository,   around   which   a   set   of   modules   are   defined. 

 

Each   module   provides   some   specifics   facilities   which   can   be   classified   in   the   following   categories: 

● Core: Modelio Modeler module is the only module belongs to this category. All other modules               
depend   on   this   central   element; 

● Scoping: this category is composed of Goals, Dictionary & Business Rules and Requirement             
Analyst   which   allow   specifying   high   level   business   models   for   any   IT   system; 

8    http://www.modelio.org/  
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● Modelling: for example, SysML, MARTE and BPMN are included in this category. The             
modules belonging to this category are used to model different specific aspects of a system               
such   as   Business   Process,   component   architectures,   SOA   or   embedded   systems; 

● Code generators: such as C++ or JAVA. These modules allow users to generate and to               
reverse   the   code   to/from   different   programming   languages; 

● Utilities:   modules   allowing   transversal   utility   facilities   like   teamwork   module   or   XMI. 

This architecture allows Modelio to be flexible and to be configurable simply by adding the Modelio                
modules. Thus users can dynamically change their configuration at any time simply by changing their               
choice of modules in the same repository. The Modelio functionalities depend on the user's modules               
choice. In this section, we highlight three functional sets which seem to be the most relevant in our                  
context.   These   functional   sets   are   the   following: 

● XMI export/import: The XMI module is the provider of this XMI import/export functionality. The              
module allows Modelio to exchange models, in XMI format, with external modellers such as              
Enterprise Architect, Artisan Studio, Topcased, Papyrus etc. Thanks to that, Modelio can            
exchange   XMI   models   with   a   wide   range   of   modellers   including   Papyrus; 

● MARTE models design: MARTE is an OMG standard for modelling embedded and real time              
system. The Modelio MARTE Designer project provides dedicated MARTE editors to assist            
users   in   the   modelling   of   embedded   systems;  

● Generation: Modelio has powerful code generation and reverse engineering modules for Java,            
C# and C++ language. Moreover, it is able to generate documentation in several formats (e.g.,               
HTML   or   OpenXML)   which   can   be   stored   in   the   Component   repository. 

Feature Support 

Language Various   standards:   UML,   SysML,   MARTE,   BPM,   etc. 
Domain-specific languages support is provided via several extension        
points. 

Edition Graphical   modelling   (customizable   diagramming),   Model 
Explorer/Navigator,   Form-based   Property   Views. 

Collaboration File-based   collaboration   is   possible   via   standard   SVN   repositories. 

Exchange Model   exchange   is   possible   by   using   the   format   appropriate   to   the 
model,   for   example:   UML/SysML   model   can   be   exchanged   via   XMI; 
and   BPMN   via   BPMN   XML   format.  

Configuration   Management Modules,   audit   rules   and   diagram   customisation   configurations   can 
be   shared   across   project   and   users. 

Verification/Validation Audit   rules   are   implemented   for   each   kind   of   metamodel 
implemented   inside   Modelio. 
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Extensibility Modelio   provide   the   possibilities   to   define   Modelio   modules.   These 
modules   can   customize   Modelio   for   a   domain   specific   usage. 

Source   Availability The   open-source   version   of   Modelio   is   available   at 
https://www.modelio.org/downloads/source-code.html  

 

Eclipse   Modeling   Framework   (EMF) 

                                                          

The Eclipse Modeling Framework (EMF) (Steinberg 2009) provides modelling, metamodelling and           
code generation capabilities within the Eclipse platform. Additionally, it can be used as a standalone               
library   to   deal   with   models   and   metamodels   in   Java   applications. 

EMF is the basic modelling and metamodelling framework provided by Eclipse. EMF is just an               
environment to describe models and their instances, and can be used to generate new software               
artefacts from a model description (such as a Java implementation of the model). It is also the                 
standard   baseline   framework   to   build   DSLs   and   modelling   tools   within   the   Eclipse   ecosystem.  

EMF allows defining models in different ways. Traditionally, models were built using annotated             
Java, XSD or UML models from Rational Rose. Nowadays, it is quite common to use EMF-based                
class diagrams or UML models from the Eclipse UML2 project. The capabilities of the framework               
remain the same regardless of the way used to define the EMF model. EMF uses Ecore (Steinberg                 
2009)   as   the   canonical   language   to   describe   models.  

An Ecore model is, essentially, a subset of the UML class diagram and thus, can be considered as                  
the reference implementation of the EMOF (OMG 2016) language proposed by the OMG. This way, an                
Ecore model is a model of the classes of a software application (i.e. the structural description).                
Because of this, several benefits of modelling can be obtained in a standard Java development               
environment, given that the correspondence between an Ecore model and its Java implementation is              
natural   and   straightforward. 

Feature Support 

Language Ecore   (EMOF) 

Edition Graphical   (tree-based   editor)   by   default.   Graphical   and   textual 
available   via   plug-ins   (Emfatic ,   Ecore   Tools ). 9 10

9    https://eclipse.org/emfatic/ 
10    https://eclipse.org/ecoretools/ 
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Collaboration No   built-in   collaboration   support.   XMI   files   may   be   shared   via 
standard   Version   Control   Systems.   Rich   collaboration   support   may 
be   achieved   via   plugins   (e.g.,   CDO ). 11

Exchange XMI 

Configuration   Management N/A 

Verification/Validation Only   basic   validation   of   models   and   model   instances   is   supported   by 
default.   Complex   validation/verification   techniques   may   be   provided 
via   plug-ins. 

Extensibility Any   extension   is   possible   via   Eclipse   plug-ins 

Source   Availability https://git.eclipse.org/c/emf/org.eclipse.emf.git/ 

 

Papyrus 

   

 

 

Eclipse Papyrus provides an integrated, user-consumable environment for editing any kind of            12

EMF (Eclipse Modeling Framework) model and particularly supporting UML and related modelling            
languages such as SysML and MARTE. Papyrus provides diagram editors for EMF-based modelling             
languages amongst them UML2 and SysML and the glue required for integrating these editors              
(GMF-based or not) with other MBD and MDSD tools. It also offers a very advanced support of UML                  
profiles that enables users to define editors for DSLs based on the UML 2 standard and its extension                  
mechanisms. The main feature of Papyrus regarding this latter point is a set of very powerful                
customization mechanisms which can be leveraged to create user-defined Papyrus perspectives and            
give   it   the   same   look   and   feel   as   a   native   DSL   editor. 

The project is led by CEA and strongly supported by companies such as Ericsson or               
EclipseSource. Papyrus is also the solution for SysML and UML modelling in PolarSys , the Eclipse               13

Industrial Working Group in charge of providing long-term & industrial open source modelling solutions              
for Embedded Systems. The PolarSys steering committee is composed of the following big             
companies:   Airbus,   CEA,   Ericsson,   SAAB   and   THALES. 

Feature Support 

Language Various standards: UML 2.5, SysML 1.1 & 1.4, fUML 1.2.1, ALF           
1.0.1, MARTE 1.1, BPMN Profile 1.0, BMM 1.3, SMM 1.1, PSCS 1.0,            
PSSM   1.0b,   FMI   2.0   and   ISO/IEC   42010. 

11    https://eclipse.org/cdo/ 
12    http://eclipse.org/papyrus  
13    https://www.polarsys.org/  
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Support for DSL via customization of the environment (e.g. via UML           
profiles   and/or   related   customization   features). 

Edition Graphical modelling (customizable diagramming), Model     
Explorer/Navigator,   Form-based   Property   Views. 

Collaboration File-based   collaboration   possible   via   standard   Git/SVN   repositories. 
Model-based collaboration possible via the use of other Eclipse         
projects   such   as   CDO    or   EMFStore . 14 15

Exchange As EMF-based, mostly relies on (EMF) XMI for model exchange.          
However, other EMF-compatible repository solutions can be used as         
well   (CDO   or   EMF   Store   as   mentioned   above,   or   NeoEMF ).  16

Configuration   Management Support for creating and sharing/using user-defined perspectives       
having the same look and feel than native language/DSL editors          
(menus,   views,   model   explorer,   diagramming   panels,   etc.). 

Verification/Validation Based EMF model validation support (e.g. conformance to        
metamodel),   base   support   for   OCL   constraints   verification.  

Extensibility Support for domain-specific languages via customization of the        
environment (e.g. via UML profiles and/or related customization        
features). 

Source   Availability Fully open-source under the Eclipse Public License (EPL), cf.         
http://git.eclipse.org/c/papyrus/org.eclipse.papyrus.git/  

 

Moka 

 

 

 

Moka is a Papyrus module for UML model execution (Guermazi 2015), which includes an execution               
engine complying with OMG’s Foundational UML (fUML) standard (OMG 2017a). It comprises            
technologies for the execution and debugging of models as well as editing facilities to produce               
executable models more efficiently. Moka is integrated with the Eclipse debug framework to provide              
control, observation and animation facilities over executions. Moka also supports specifying the            
behaviour   of   executable   models   by   means   of   Alf,   Action   Language   for   fUML   (OMG   2017b).  

14    https://eclipse.org/cdo/  
15    https://www.eclipse.org/emfstore/  
16    http://neoemf.com/  
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Figure   3.    Papyrus   model   execution   features,   extracted   from   (Papyrus   2017) 

The   key   features   of   Moka   are   (Moka   2017): 

● Based   on   standards :   Basic   execution   and   debugging   facilities   for   fUML;  
● Interactive   executions :   Debug   and   animation   facilities   extending   the   Eclipse   debug   API; 
● Extensible   framework :   Extension   mechanism   to   address   new   execution   semantics. 

Feature Support 

Language Various   standards:   UML   2.5,   SysML   1.1   &   1.4,   fUML   1.2.1,   Alf   1.0.1 

Edition Those of Papyrus: Graphical modelling, Model Explorer/Navigator,       
Form-based Property Views. It adds to the previous a textual Editor           
for   Actions   with   syntax   highlight,   completion   and   content   assist. 

Collaboration Those   of   Papyrus. 

Exchange Those   of   Papyrus. 

Configuration   Management Those   of   Papyrus. 

Verification/Validation Moka provides debug and animation facilities through a contribution         
and an extension to the Eclipse debug API. It is thereby possible to             
control execution of models (e.g., suspending/resuming executions       
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after breakpoints have been encountered) as well as to observing          
states of executed models at runtime (e.g., emphasizing graphical         
views of model elements on which execution has suspended,         
retrieving and displaying any state information about the runtime         
manifestation   of   these   model   elements). 

Extensibility Following the guidelines coming from fUML standard, this UML         
animation/simulation environment can be easily extended to support        
alternative execution semantics, and thereby be adapted to multiple         
usage scenarios and domains. This can be done through extension          
points enabling registration of executable model libraries (e.g., new         
MoCs, trace libraries, etc.) or simply tool-level extensions of the          
execution   engine. 

Source   Availability Fully open-source under the Eclipse Public License (EPL).        
http://git.eclipse.org/c/papyrus/org.eclipse.papyrus.git/  

 

CHESS 

       

CHESS is a model driven methodology for the design, verification and implementation of critical              
software system. CHESS comes with its own component model and modelling language, the latter              
implemented as UML, MARTE and SysML profile and called CHESSML. Both the methodology and              
CHESSML can be put in practice by using the supporting toolset implemented on top of Eclipse                
Papyrus   UML   editor   and   made   available   as   Eclipse   open   source   Polarsys   project . 17

The CHESS methodology relies on the CHESS Component Model which is built around the              
concepts of components, containers and connectors. It supports the separation of concerns principle,             
strictly separating the functional aspects of a component from the non-functional ones. According to              
the CHESS Component Model, a component represents a purely functional unit, whereas the             
non-functional aspects are in charge of the component’s infrastructure and delegated to the container,              
and   connectors   are   responsible   for   the   communication   between   containers. 

From the interaction perspective, components are considered as black boxes that only expose their              
provided and required interfaces. Non-functional attributes are specified by decorating the           
component’s interfaces with non-functional properties related for instance to real-time concerns (e.g. a             
real-time activation pattern for an operation). The declarative specification of non-functional attributes            
of a component, together with its communication concerns, is used in CHESS for the automated               
generation   of   the   containers   and   connectors   that   embody   the   system’s   infrastructure. 

The CHESSML Dependability profile is used to enrich functional models of the system with              
information regarding its behaviour with respect to faults and failures, thus allowing properties like              
reliability, availability, and safety to be documented and analysed. Moreover, CHESSML, by reusing             

17    https://www.polarsys.org/chess/  
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and extending the MARTE UML profile, provides capabilities to specify timing related constraints on              
top   of   the   component   interfaces. 

By using the CHESS methodology, modelling language and supporting toolset the modelled            
software system can be validated by applying specialised state-of-the-art schedulability analysis and            
dependability analysis, like state based analysis and failure propagation analysis. Such analysis            
results can then be used as artefacts for the qualification of the components and the overall system.                 
Finally,   code   can   be   automatically   generated   for   the   designed   and   validated   component   architecture. 

Consistent with the principles of component-based software engineering, the CHESS component           
model is hence characterized by the definition of “strong interfaces” that are the basis for structural                
composability, and precursors of contracts. Indeed, in the direction to further support qualification and              
then certification of components, CHESSML has been extended to support the modelling of contracts,              
as addressed by the  SafeCer generic component model. A dedicated profile for contract has been               
implemented of top of CHESSML. Then integration with the OCRA tool has been developed to support                
formal   validation   of   contract   refinement   on   top   of   the   CHESS   model. 

The CONCERTO ARTEMIS JU project recently extended CHESS methodology, component model           
and toolset, aiming at the development of support technology for the use of model-based engineering               
artefacts and solutions for the end-to-end development process of critical real-time software systems             
that   target   multicore   processors. 

The CHESS tool environment is completed by a set of model to model (e.g. XMI, AUTOSAR                
model) and model to text transformations, supporting validation and code generation toward multiple             
language   targets   (ADA,   C).  

Feature Support 

Language CHESSML   (profile   UML,   SysML   and   MARTE),   OCRA. 

Edition As it is Papyrus based, it provides the same Graphical modelling           
environment, Model Explorer/Navigator and Form-based Property      
Views. In addition, Customised Editors and Views are available to          
work   with   the   CHESSML   and   specific   methodology. 

Collaboration File-based collaboration is possible via standard Git/SVN       
repositories. 
Model-based collaboration is possible via the use of other Eclipse          
projects   such   as   CDO . 18

Exchange As EMF-based, mostly relies on (EMF) XMI for model exchange.          
Other model-to-model transformation are available, specifically the       
CHESSML   to   AUTOSAR   model   (ARXML)   export. 

Configuration   Management Support is present for predefined menus, views, model explorer,         
diagramming   panels,   etc.   to   support   CHESS   methodology. 

18    https://eclipse.org/cdo/  
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Verification/Validation Model validation support is present for conformance to CHESS         
methodology and language constraints. Integration feature with       
dependability (failure propagation and state based analysis) and        
timing   analysis,   contract   based   analysis.  

Extensibility Support for domain-specific languages via customization of the        
environment (e.g. via UML profiles and/or related customization        
features). 

Source   Availability Fully open-source under the Eclipse Public License (EPL), cf.         
https://git.polarsys.org/c/chess/chess.git  

 

Xoncrete 

Xoncrete is  an integrated editor and analysis tool that performs the schedulability analysis of a               
partitioned system. Rather than a general purpose scheduling tool, Xoncrete has been designed to              
meet the ARINC 653 system model as the executive platform environment in general, and in particular                
the   XtratuM   framework.   Xoncrete   benefits   are   described   below. 

● Rich   system   model 

○ The workload is a tailored version of the MARTE-UML specification. It is also pretty              
close to the AADL proposal. The model is powerful enough to capture most of the               
requirements of any real world application in an intuitive way, but also it is possible to                
build   a   compact   and   easy   to   debug   plan. 

● Modular   system   description 

○ Each   partition   can   be   edited   independently,   and   later   merged   into   the   final   system. 
○ When considering partitioned real-time systems, this is stated by the independent           

certification of the partitions, since the underlying infrastructure (the partitioning          
kernel) is assumed to provide the proper temporal and spatial isolation. This is a must               
to preserve certain properties of the resource allocation to the partitions so the             
partitioning kernel is able to guarantee the isolation. As far as processing power             
allocation is concerned, Xoncrete guarantees that when the workload of the system is             
modified the new assignation of processing power, required to cope with the            
modifications,   does   not   impact   in   the   partitions   not   involved   in   the   modifications. 

● Intuitive   error   reporting 

○ Resource allocation inconsistencies (memory overlaps, wrong port binding, etc.) are          
immediately detected and reported. The tool will display a warning message to the             
user in such cases. In contrast, the scheduling analysis tools depends on valid             
temporal data and therefore they will not be available while there exists invalid data.              
This way, the user is immediately notified about data inconsistencies, easing its fix,             
and   hence,   improving   the   usability   of   the   application. 

○ The validation process reports the impossibility to generate a valid plan, and the             
offending   process   is   identified. 
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● Generates   XtratuM   configuration   files   (XML   format) 

○ Xoncrete can be used to assists the user to generate a yet valid Xtratum configuration               
file (XMCF) when a Xoncrete project is exported to. An exported XML file may be               
used to fulfil the System configuration step of the application development process            
using the Xtratum architecture. Xoncrete will also generate the schedule plan section            
of   the   XML   file   coherent   with   this   scheduling   data. 

● Modelling   and   analysis   of   parallel   execution   devices 

○ It is very frequent that certain transfers that carry data from or to a hardware devices                
are more efficiently performed using direct memory access (DMA) transfers. The           
benefits come from the fact that once the DMA controller has been programed to              
perform   the   transfer,   the   CPU   becomes   free   to   execute   other   tasks. 

○ The DMA operation, as well as other devices that operate in parallel with the              
processor, is guaranteed and can be easily captured in the system description editor.             
The   generated   schedule   honours   those   requirements. 

● Powerful   period   selection   assistance 

○ A novel algorithm which assists the integrator adjust the period or rate of the periodic               
activities to minimise the system MAF (hyperperiod). Xoncrete assists the user in            
finding   the   set   of   periods   that   produce   the   smallest   MAF. 

● Incremental   management   of   frozen   plans 

○ Xoncrete simulates the execution of the system using the scheduler and the model             
defined by the user, the plan gets automatically generated. Already existing plans can             
be partially updated while maintaining the temporal properties of selected partitions,           
which   reduces   validation   activities   along   the   whole   lifetime   of   the   application. 

Feature Support 

Language N/A 

Edition Graphical   editor 

Collaboration It   does   not   support   multiple   users   on   the   same   project.   Xoncrete 
users   are   system   integrators   that   manage   data   not   accessible   for 
other   roles. 

Exchange XML 

Configuration   Management N/A 

Verification/Validation Xoncrete   integrates   XtratuM   validation   (xmcparser)   and   a 
schedulability   analysis   for   the   temporal   model. 

Extensibility Although   Xoncrete   generates   the   configuration   file   for   XtratuM 
(XMCF),   it   can   be   easily   adapted   to   generate   configuration   files   of 
other   hypervisor   or   separation   kernels. 
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Source   Availability No 

 

UPPAAL   Suite   of   Modelling   Tools 

UPPAAL is an integrated tool environment for modelling, simulation, and model checking of             
real-time systems described as networks of timed automata, also referred to as UPPAAL Timed              
Automata (UTA). UPPAAL ( Larsen 1997 ) provides formal verification for timed systems based on the              
timed automata formalism. The tool uses symbolic semantics and symbolic reachability techniques to             
analyse dense-time state spaces against properties formalized as a subset of (timed) computation tree              
logic   (TCTL)   (Alur   1990).  

Traditional model checking can be subject to combinatorial explosion (that is, the state space of the                
model grows exponentially with the number of states to be explored) ( Valmari 1998 ). Statistical model               
checking (SMC) ( Legay 2010 ) has been proposed as an alternative that avoids exhaustive exploration              
of   the   state   space   of   the   model   during   verification.  

UPPAAL SMC is a tool for statistical model checking ( Bulychev 2012 ), where the model is               
represented as a network of priced timed automata (PTA). UPPAAL SMC extends the UPPAAL model               
checker with statistical model checking. The SMC engine generates stochastic simulations and            
employs statistical methods to estimate probabilities and probability distributions over time with given             
confidence levels. The results of the tool can then be used as likely performance of the system, e.g.,                  
latency and resource consumption. UPPAAL SMC does not suffers from state-space explosion, as the              
runtime complexity is independent from the created model, and very often can be used for model                
simulation   and   estimation. 

Feature Support 

Language UPPAAL Timed Automata, Priced Timed Automata Support for        
domain-specific   languages   like   FBD   via   the   CompleteTest   toolset. 

Edition Graphical   modelling,   Model   Explorer/Navigator,   Property   Views. 

Collaboration No 

Exchange UPPAAL   XML   file. 

Configuration   Management No. 

Verification/Validation Model   checking,   simulation,   and   model-based   testing. 

Extensibility Support   for   domain-specific   languages   via   external   tools. 

Source   Availability Free for non-commercial applications in academia only. For        
commercial applications a commercial license is required. See        
www.uppaal.com   for   more   information. 
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2.3. Towards   a   Participatory   Development   of   Domain-Specific   Languages 
System Engineering is an interdisciplinary approach and means to enable the realization of             

successful systems. It integrates all the disciplines and specialty groups (i.e., business and technical)              
into a team effort forming a structured development process to create the final product. The               
participation and active collaboration among all the involved actors is therefore crucial for the success               
of the process. As system engineering usually involves the development of software systems, this              
collaboration   requirement   is   needed   between   software   and   system   engineers   (Sheard   2014). 

The active participation of end-users in the early phases of the software development life-cycle is               
also key when developing software (Hatton and Genuchten 2012). Thus, software development            
processes are becoming more collaborative as a response to the increasingly tendency to neglect the               
role of application users, which usually leads to software that does not satisfy the customer needs.                
Collaboration makes the development processes more social, thus allowing the participation of the             
variety of stakeholders involved in the development, which ranges from developers to end-users.             
Among other benefits, the collaboration promotes a continual validation of the software to be build               
(Hildenbrand et al. 2008), thus guaranteeing that the final software will satisfy the users' needs.               
Proposals such as Agile development or the development of Free Open Source Software (FOSS)              
(Mockus, Fielding, and Herbsleb 2002) are maybe the most representative examples of collaborative             
development,   which   try   to   engage   users   in   all   development   phases. 

When the software targets a very specific and complex domain, this collaboration makes even              
more sense. Only the end-users have the domain knowledge required to drive the development. This               
is exactly the scenario we face when specifying or using a Domain-Specific Modelling Language              
(DSML). DSMLs appeared as an alternative to General-Purpose (modelling) Languages (GPLs), like            
UML, to facilitate the modelling of systems in domains that could not be easily represented using the                 
concepts   provided   by   GPLs. 

On the one hand, end-users are key when defining a DSML, a modelling language specifically               
designed to perform a task in a certain domain (Sánchez Cuadrado and García Molina 2007). Clearly,                
to be useful, the concepts and notation of a DSML should be as close as possible to the domain                   
concepts and representation used by the end-users in their daily practice (Grundy et al. 2013).               
Therefore, the role of domain experts during the DSML specification is vital, as noted by several                
authors (Kelly and Pohjonen 2009; Mernik et al 2005; Völter 2011; Barišić et al. 2012). Unfortunately,                
nowadays, participation of end-users is still mostly restricted to the initial set of interviews to help                
designers analyse the domain and/or to test the language at the end (also scarcely done (Gabriel et al.                  
2010), which requires the development of fully functional language toolsets (including a model editor, a               
parser, etc.) (Mernik et al. 2005; Cho et al. 2012). This long iteration cycle is a time-consuming and                  
repetitive task that hinders the process performance (Kelly and Pohjonen 2009) since end-users must              
wait until the end to see if designers correctly understood all the intricacies of the domain. On the other                   
hand, those same end-users will then employ that DSML (or any general-purpose (modelling)             
language like UML) to specify the systems to be built. Collaboration here is also key in order to enable                   
the   participation   of   several   problem   experts   in   the   process. 

Existing project management tools such as Trac or Jira provide the environments required to              19 20

develop collaboratively software systems. These tools enable the end-user participation during the            
process, thus allowing developers to receive feedback at any time. However, their support is usually               
defined at file level, meaning that discussions and change tracking are expressed in terms of lines of                 
textual files. This is a limitation when developing or using modelling languages, where a special               

19    http://trac.edgewall.org/ 
20    http://www.atlassian.com/es/software/jira/overview 
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support to discuss at language element level (i.e., domain concepts and notation symbols) is required               
to address the challenges previously described and therefore promote the participation of end-users.             
As mentioned above, a second major problem shared by current solutions is the lack of traceability of                 
the design decisions. The rationale behind decisions made during the language/model specification            
are implicit so it is not possible to understand or justify why, for instance, a certain element of the                   
language was created with that specific syntax or given that particular type. This hampers the future                
evolution   of   the   language/model. 

Recently, modelling tools have been increasingly enabling the collaborative development of models            
defined with either General-Purpose Languages (GPLs) or DSMLs. For instance, some works propose             
to derive a first DSML definition by means of user demonstrations (Cho et al. 2012; Kuhrmann 2011;                 
Sánchez Cuadrado et al. 2012; López-Fernández et al. 2013) or grammar inference techniques             
(Javed et al. 2008; Liu et al. 2012), where example models are analysed to derive the metamodel of                  
the language. However, their support for asynchronous collaboration is still limited, especially when it              
comes   to   the   traceability   and   justification   of   modelling   decisions. 

Collaboro is one of the approaches which suits the requirements of collaborative modelling (see              
Appendix A: Baseline Tools). Collaboro enables the involvement of the community (i.e., end-users and              
developers) in the development of (meta) modelling tasks. It allows modelling the collaborations             
between community members taking place during the definition of a new DSML. The approach              
supports both the collaborative definition of the abstract (i.e., metamodel) and concrete (i.e., notation)              
syntaxes for DSMLs by providing specific constructs to enable the discussion. Also, it can be easily                
adapted to enable the collaborative definition of models. Thus, each community member has the              
chance to request changes, propose solutions and give an opinion (and vote) on those from others.                
This discussion enriches the language definition and usage significantly, and ensures that the end              
result satisfies as much as possible the expectations of the end-users. Moreover, the explicit recording               
of these interactions provides plenty of valuable information to explain the language evolution and              
justify all design decisions behind it, as also proposed in requirements engineering (Jureta, Faulkner,              
and   Schobbens   2008).  

 

 

Page   41    of   41   



 

3. Verification   and   Validation 

Verification and validation (V&V) of models is a key task in MBE processes that pursues producing                
accurate and credible models. While verification and validation may seem similar tasks, their purpose              
is different:  verification aims to check that a model is correctly implemented with respect to the                
conceptual model; while  validation  aims to check how close the model represents the real system.               
These goals can be achieved by using different (formal) methods, normally based on logical or               
mathematical representation of the models, which enable both static and dynamic analysis. Next, we              
present   the   most   prominent   approaches   for   both   V&V. 

3.1. Model   Verification 
In MDE, model defects have a direct mapping into software errors, so model correctness is a                

primary   concern. 

Nevertheless, as models are describing the system at a high-level of abstraction, checking the              
correctness of models can be simpler than checking the same properties at level of source code. In                 
return, it is necessary to check the correctness of both models and model transformations (Dubois et                
al. 2013). A typical solution to perform this checking is the translation of the correctness verification                
problem to a well-defined formal (e.g., mathematical) framework by building an accurate formal model              
for   the   system   being   investigated. 

However, in order to define a formal verification problem, one of the first notions that needs to be                  
established is: what will be considered as an  incorrect behaviour? The type of correctness property               
being   checked   has   a   profound   impact   on   the   decidability   and   complexity   of   the   problem. 

First of all, designers can define their own custom correctness properties that need to be checked.                
In addition to these custom properties, there are some fundamental assumptions about the             
well-formedness   of   a   model   whose   validity   is   taken   for   granted   in   almost   any   system. 

For instance, a desirable feature of static models – e.g., those describing the structure of a system                 
– is  consistency : the ability to simultaneously satisfy all the restrictions described in the model (this                
property is also known as  satisfiability ). Consistency can be checked at two levels: among the               
different elements in a single model (intra-model consistency, e.g. lack of contradictions) or among              
several models describing different perspectives of the same system (inter-model consistency, e.g. all             
references to a model element comply with its declaration). Besides detecting contradictions and             
incorrect references, it is also useful to detect other types of “bad smells” such as redundancies, since                 
they   could   be   a   symptom   of   a   more   serious   defect. 

Regarding dynamic models and model transformations – e.g., models describing the behaviour of a              
system – the properties of interest consider the evolution of the system state throughout time. Sample                
properties include checking the  executability of a fragment of the model (e.g. the ability to satisfy its                 
precondition), safety properties such as the preservation of integrity constraints, reachability properties            
such as the ability to get to a specific system state, liveness properties or custom temporal properties                 
about   the   execution   of   the   system. 

Many modelling notations are mainly used to document and explain the architecture/operation of a              
software system. Hence, a clear and understandable graphical syntax is an asset provided by many               
modelling languages. However, some modelling notations are not created with the notion of             
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automatically generating the final implementation from the model. Hence, the semantics of each             
modelling concept may be defined using natural language (to ease understandability) rather than a              
more   precise   formal   notation   that   can   eliminate   ambiguity.  

The first step towards allowing the automatic analysis of a software model is providing a formal                
semantics of the modelling notation. Some notations like B (Abrial 1996), Z (Spivey 1992) or Alloy                
(Jackson 2006) are designed specifically for analysis purposes, and hence come with a built-in formal               
semantics. Meanwhile, other general purpose notations like UML require a previous formalization step             
before   committing   to   analysis   (Broy   and   Cengarle   2011). 

These two approaches differ in the amount of formal method expertise required by designers who               
will use verification tools. In formal modelling notations, designers need to be aware of the formal                
semantics in order to faithfully model the system under analysis and take advantage of specialized               
provers (Leuschel and Butler 2008). Meanwhile, other tools are based on the use of hidden formal                
methods (Hussmann 1995, Berry 1999), where designers employ a pragmatic modelling notation            
which has a hidden mathematical foundation that allows a rigorous analysis. Clearly, the latter              
paradigm   is   preferred   from   a   point   of   view   of   a   wide   adoption   in   an   industrial   context. 

Many different formalisms have been employed in the formal verification of models (Wille et al.               
2013,   González   and   Cabot   2014)   and   model   transformations   (Rahim   and   Whittle   2015): 

● Constraint programming (CP) (Cadoli et al. 2004, Malgouyres and Motet 2006, Horváth and             
Varró   2012,   Cabot   et   al.   2014); 

● Description   logics   (Berardi   et   al.   2005,   Balaban   and   Maraee   2013); 

● Term   rewriting   (Clavel   and   Egea   2006,   Romero   et   al.   2007); 

● Relational logic (Baresi and Spoletini 2006; Jackson 2006; Anastasakis et al. 2010; Maoz et              
al.   2011,   Kuhlmann   and   Gogolla   2012); 

● Higher-order   logic   (Brucker   and   Wolff   2008); 

● SAT   Modulo   Theories   (SMT)   (Clavel   et   al.   2009,   Semeráth   et   al.   2013,   Cheng   and   Tisi   2017); 

● Query   containment   (Queralt   and   Teniente   2012); 

● Linear   programming   (Balaban   and   Maraee   2013); 

● Genetic   algorithms   (Ali   et   al.   2013). 

These   approaches   can   be   classified   depending   on   their   approach   towards   decidability: 

1. Approaches that restrict the expressiveness of model elements and constraints in order to             
deal with a decidable verification problem where reasoning is efficient, e.g. (Berardi et al,              
2005;   Balaban   and   Maraee   2013); 

2. Approaches that allow a high-level of expressiveness in model elements and constraints and             
deal with undecidable verification problems through interactive provers, e.g. (Brucker and           
Wolff,   2008;   Leuschel   and   Butler   2008),   or   incomplete   methods,   e.g.   (Ali   et   al.   2013); 
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3. Approaches that allow a high-level of expressiveness in model elements and constraints and             
deal with undecidable verification problems through bounded verification, e.g. (Jackson, 2006;           
Kuhlmann   and   Gogolla,   2012;   Cabot   et   al.   2014). 

Advances in SAT- and CP-solver technology (Bourdeaux et al. 2006) have made techniques in              
category (3) very promising, as it is possible to achieve automation and efficient reasoning without               
sacrificing expressiveness. If a solution is found within the verification bounds, these benefits come              
with no drawback. Furthermore, the solutions computed by these solvers can be used as test input                
data, i.e. performing model-based testing instead of verification. However, the absence of faults does              
not   guarantee   a   correct   behaviour   outside   the   verification   bounds. 

Bounded   Verification 

Many formal verification problems that can be studied on software models are undecidable. Thus,              
analysis procedures must either rely on user guidance, use approximation or impose restrictions on              
the   software   model   and   the   properties   under   analysis. 

Bounded verification methods offer a convenient trade-off: automatic procedures able to verify            
properties, but whose answer is only valid within a finite universe of discourse. Their output (or its lack                  
thereof)   can   be   used   to   identify   faults   or   gain   sufficient   confidence   in   the   correctness   of   the   model. 

Bounded verification tools rely on efficient solvers to compute examples and counterexamples of             
the properties being analysed. SAT solvers (Jackson 2006; Anastasakis et al. 2010; Maoz et al. 2011,                
Kuhlmann and Gogolla 2012) or Constraint Programming (Cadoli et al. 2004, Malgouyres and Motet              
2006, Horváth and Varró 2012, Cabot et al. 2014) can be used to this end. However, a major                  
shortcoming of bounded verification is the lack of conclusive results outside of the verification bounds.               
Choosing suitable verification bounds is a non-trivial process as there is a trade-off between the               
verification time (faster for smaller domains) and the confidence in the result (better for larger               
domains).  

Unfortunately, setting the search space boundaries has proven itself to be a major limiting factor,               
since existing tools provide little support on this, either by setting inadequate default values; or by                
forcing users to manually define these boundaries, which is impractical when dealing with large              
models. 

In this sense, bound selection is possibly the last barrier of entry for non-experts. The cause of this                  
lack of tool support is that choosing optimal bounds automatically is as complex as the verification                
problem itself, so the use of heuristics or approximate methods is required. For example, the small                
scope hypothesis claims that a large amount of faults can be detected by inspecting a small domain.                 
Hence, many tools advocate for an incremental scoping strategy: start with small domains to get               
feedback quickly and progressively increase the domain size in later executions until a fault is               
detected or we achieve a sufficient level of confidence in the result. However, beyond that, designers                
must   select   domains   on   their   own. 

In tools using low-level formalisms such as SAT, verification bounds affect the transformation from              
the model to the verification formalism: larger domains require more boolean variables for the              
encoding and therefore produce larger formulas. Even if part of the domain can be discarded due to                 
the constraints in the model, the analysis will still be slower due to the extra variables and clauses in                   
the formula (Ganai et al. 2002). Furthermore, the fact that part of the domain can be discarded may be                   
obvious at a high level of abstraction (e.g. considering the interaction among different constraints) but               
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it can be time consuming to detect at the level of a boolean formula. For these reasons, analysing                  
models to tighten verification bounds can improve the efficiency of bounded verification solvers             
(Rosner   et   al.   2013). 

The   purpose   of   automatic   bound   refinement   is   two-fold: 

● Automatically infer verification bounds from the model under analysis and the property being             
checked; 

● Improve the bounds provided by the designer, either by removing irrelevant values or by              
suggesting   values   of   interest.  

An   automatic   procedure   for   refining   bounds   operates   in   the   following   way: 

● First, the model and property under analysis can be abstracted as restrictions on the              
verification bounds. This abstraction relies on the static analysis framework of abstract            
interpretation (Cousot and Cousot 1977) to define safe abstraction procedures. An example of             
this kind of analysis can be found in (Yu et al. 2007), where OCL integrity constraints are                 
abstracted   as   properties   on   the   size   of   collections; 

● Second, this system of constraints can be analysed to (i) efficiently prune unproductive values              
from verification bounds and (ii) detect potentially promising bounds, e.g. corner or base cases              
for those constraints that should be considered. A promising strategy to perform this analysis              
is constraint and bound propagation, a family of techniques from the constraint programming             
field (Apt, 2003; Bourdeaux et al. 2011). Propagation analyses a constraint satisfaction            
problem and infers implicit information about its consistency. This inferred information can be             
used to tighten the problem, either by pruning bounds, strengthening constraints or introducing             
new   ones.  

There are several research challenges in the application of this methodology: the ability to abstract               
expressive models, proving the soundness of the proposed abstraction, dealing with dynamic            
constructs (e.g. pre- and postconditions or imperative statements) and selecting the most suitable             
propagation algorithm (exact or heuristic), among others. Preliminary results in this direction have             
been   discussed   in   (Clarisó   et   al.   2015). 

Unbounded   Verification 

As discussed in the previous section, bounded verification approaches verify against the            
correctness properties within a given search space (i.e. using finite ranges for the number of models,                
associations and attribute values). Unbounded verification is preferable when the user requires that             
correctness   properties   hold   over   an   infinite   domain.  

Theorem proving is the most common deductive formal approach for unbounded verification. It             
focuses on abstracting and formalising the problem domain into formulas. Verification consists of             
applying deduction rules (of an appropriate logic) to incrementally build the proof. Theorem proving              
can be performed by using either pen and paper or specific proving tools, e.g. Coq (Bertot and                 
Castran   2010).  

However, most of the theorem proving approaches for models / model transformations require             
guidance and expertise from the user (Calegari et al. 2011, Chan 2006, Combemale et al. 2009, Lano                 
et al. 2014, Poernomo 2008, Poernomo and Terrell 2010), and thereby hindering the level of               
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automation and practicability. Thanks to the advancement in the performance of SMT solvers, the              
automation aspect of theorem proving for model transformation has been ameliorated by a novel use               
of   SMT-solvers   such   as   that   presented   in   Büttner   et   al.   2012. 

In addition to automation aspect, there still are other research problems to be solved to make                
theorem proving approaches for model / model transformation verifications more practical. We discuss             
some   of   these   problems   as   follows. 

One of the major problems is the soundness. In general, theorem proving is based on the                
abstraction of the problem domain. If this abstraction is unfaithful, the user of a verified model / model                  
transformation could experience unexpected runtime behaviour even if the verification tool returns            
positive answer to the given problem. An example that ensures the soundness of model              
transformation   verification   can   be   found   by   using   translation   validation   approach   (Cheng   et   al.   2015). 

Another problem is accessibility. There lacks mature tools that allow one to perform full cycle of                
theorem proving for models / model transformations. That means the tool should not only aim to be                 
complete for theorem proving (i.e. the tool should provide enough expressiveness to abstract and              
reason the problem domain), but should also provide facilities for debugging and fixing bugs, e.g. by                
means of counter-example generation that aims reproducing failure at runtime (Büttner et al. 2012a),              
or by means of automatic model transformation slicing and deriving, providing clues that contribute to               
the   automatic   fault   localization   (Cheng   et   al.   2017a). 

Theorem proving also suffers from scalability problem. While industrial model / model            
transformations are increasing in size and complexity, the existing theorem proving approaches do not              
provide clear evidence of their efficiency for large models with complex twisted references, or for               
large-scale model transformations with a big number of rules and correctness properties (see Rahim              
and Whittle 2015 and Gonález and Cabot 2014 for a review). Consequently, the lack of scalable                
techniques becomes one of the major reasons behind the low usage of theorem proving in practical                
MDE   (Briand   2016). 

Description   Logics   for   Automated   Unbounded   Verification 

Description Logics (DL) is a family of logic languages that are especially suitable to model               
knowledge in a domain in terms of concepts and roles. The main characteristic of a DL is its reasoning                   
capabilities. A DL is less expressive than first-order logic but it is decidable and there exist efficient                 
reasoning   tools   that   can   tackle   non-trivial   classification   and   satisfiability   problems.  

By   creating   a   mapping   between   a   modelling   language   and   a   DL,   we   obtain   two   important   benefits: 

● We provide a formal and unambiguous definition of the modelling concepts that is independent              
of   a   specific   model   repository   or   tool.   This   ensures   interoperability   among   tools. 

● We enable the use of existing reasoning tools to analyse and verify models and detect               
problems. 

Formal verification in the context of DL is usually reduced to concept satisfiability. The presence of                
concepts in a model that are not satisfiable reveals design errors. For example, if a UML class diagram                  
depicts unsatisfiable classes, then it is not possible to instantiate objects conforming to these classes.               
Furthermore, in case of an inconsistent behavioural diagram (such as inconsistent statechart            
diagrams),   an   object   cannot   enter   into   an   unsatisfiable   state. 
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Unsatisfiable concepts in a model should be identified as early in the development process as               
possible. If a model is found to be inconsistent, then the proposed approach indicates the unsatisfiable                
concepts   that   make   the   whole   model   inconsistent. 

The main drawback of using a DL to represent modelling languages is the reduced expressive               
power of the language. As such, this approach is a trade-off between expressiveness and automation.               
Probably, the most popular application of DL is the OWL 2 (Web ontology language) (Bock 2009) and                 
the SWRL (Semantic Web Rule Language) (Horrocks 2004), whose semantics are rooted in DL.              
These are two standard recommendations from the W3C to improve machine interoperability of web              
content (the semantic web). There exists tools such as Pellet (Sirin 2007) that provide reasoning               
services   for   OWL   2   ontologies,   and   support   DL-safe   SWRL   rules   (Kolovski   2006).  

OWL 2 is designed as a standard for ontology languages for the semantic web. However, nothing                
prevents us to apply these ideas to the software modelling domain. In fact, the use of DL and ontology                   
languages in the context of modelling has been proposed in the past. Van Der Straeten has studied                 
the use of DL to formalize fragments of UML and detect inconsistency between models (Van Der                
Straeten 2005). Daniela Berardi presented the same year another comprehensive study in the use of               
DL to reason about UML class diagrams and showed that the complexity of such reasoning is                
EXPTIME-hard (Berardi et al. 2005). Walter Parreiras et al. have discussed the benefits of integrating               
modelling and ontology languages (Parreiras 2007) and have proposed the OntoDSL language to             
define new domain specific languages (Walter 2009). Gasevic et al. have discussed the use of UML                
diagrams to construct ontologies (Gasevic 2007). Wang et al. have suggested a partial mapping of               
MOF to OWL for consistency checking (Wang 2006). OMG also proposes the ODM which defines a                
UML   to   OWL   mapping   of   classes   and   associations   (International   Business   Machines   2003). 

Model   Transformation   Verification  

Model transformations are one of the most key operations in Model-Driven Engineering. A model              
transformation operation takes as input one (or several) model(s) and generates as output one (or               
several) model(s). In the rest of the section, explanations will be made based on one single input                 
model and one output model but they are directly applicable to several models in input or output.                 
Another kind of transformations consists in generating code or any structured text from a model (model                
to code/text: M2C or M2T). This section focuses on model to model transformations (M2M). If the input                 
and output models are conforming to the same metamodel, the transformation is said endogenous. If               
not, if the input model and the output model are conforming to different metamodels, the               
transformation is exogenous. Model transformations can be written in several languages. It can be a               
general purpose programming language like Java thanks to specific API as the one of the Eclipse                
Modeling Framework (EMF) or model-dedicated languages which can be declarative (e.g. ATL) or             
operational   (e.g.   Kermeta),   including   hybrid   languages   being   both   declarative   and   operational. 

The verification of model transformations has been widely studied and has been the subject of a lot                 
of research papers and tools. (Rahim and Whittle 2015, Amrani et al. 2015, Calegari and Szasz 2013)                 
are surveys on model transformation verification. They classify model transformation verification goals            
and   techniques   with   different   criterion.   This   section   will   briefly   sum-up   their   main   results. 

One particularity of model transformation verification is that it requires handling two models: the              
input and the target one. As an example, let’s consider the classical refinement of a UML class                 
diagram where for each attribute of each class, a getter or a setter method is added if not already                   
existing. The verification problem here is first to ensure that in the generated target model, each                
attribute has a getter and a setter method defined in its owning class. This condition is necessary but                  
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not sufficient. Indeed, a trivial but of course incorrect transformation respecting this condition is to               
remove all attributes that have not already a getter and a setter method. Then, it is required to ensure                   
a correspondence between the elements of the source and the target models. Here, it is required                
expressing that all attributes and all classes of the source model are maintained in the target model.                 
For exogenous transformations, correspondence between the source and the target models are also             
necessary to define. The classical exogenous transformation example is the generation of a relational              
database schema from a UML class diagram. From a verification point of view, it must be ensured that                  
each class of the UML class diagram has been transformed into a database table with each attribute of                  
the   class   being   a   column   of   the   table.  

Model transformation verification deals with two main aspects: either ensuring the correctness of             
the model transformation operation or that the execution of a transformation has been carried out               
correctly   and   has   generated   a   valid   output   model. 

For the first kind of verification, on the transformation operation itself, as for any program,               
properties of termination or determinism can be checked. The goal is to ensure that the transformation                
operation is executable and that for a same model in input, it will always generates the same output                  
model. Others kinds of properties can be checked on the transformation for ensuring that it will                
generate a valid model. However, depending of the expressiveness of the the transformation             
language, checking these properties can remain an undecidable problem. Techniques for this kind of              
verification can be static analysis of the code of the transformation or defining a translational               
semantics towards a specification language for which there exists model-checkers or theorem provers             
(e.g. Maude, Petri nets, Coq, CSP). The transformation operation (or a part of it), elements of the                 
source and target metamodels (possibly including well-formedness rules written as OCL invariants)            
are transformed into a specification on which properties will be proven or checked. The limits of these                 
approaches are that they require to specify and implement a specific translation for each              
transformation language and/or metamodels, and that this translation is rarely proven or verified,             
leading   to   potentially   generate   errors   in   the   target   specification. 

Concerning the correctness of the generated output model, the first thing to verify is that the model                 
is structurally valid. Some works have studied this problem, and have solved it, using translational               
semantics which allow using existing verification tools. Exploiting frameworks like EMF, building this             
kind of translational solutions is straightforward. Indeed this verification usually consists in simply             
checking the conformity of the model with its meta-model, including the respect of the OCL invariants.                
This task can be automatically performed within the EMF environment. The main verification to              
process on the target model is to ensure that the right contents have been generated. Such                
constraints can be expressed only on the target model or, as explained above, based on relationships                
between the source and the target models. To come back to the database relational schema               
generation from a UML class diagram example, a constraint on the target model is that each table has                  
a primary key with a name based on the table one. A relationship constraint is that each table of the                    
target model has been generated from a class of the source model. Techniques used for this kind of                  
verification can be here again the definition of a translational semantics to use existing verification               
tools. Contracts are also relatively easy techniques to use: they define in a constraint language (e.g                
OCL) pre and post-conditions on the transformation operation that can be checked on source and               
target models. However they have the limitation to not easily ensure the completeness of the               
verification. Model-checking and testing techniques offer a wider insurance for this completeness and             
can   use   contracts   as   oracles. 
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3.2. Model   Validation 
Modelling is by no means new to the V&V community and is already the cornerstone of a number                  

of well-studied V&V techniques. Formal verification techniques (e.g., model checking) have a long             
history in software and hardware quality assurance. However, it suffers from the problems of scale and                
practicality as they focus on exhaustive exploration of model executions and is often hindered by the                
state explosion problem (Briand 2016). This further complicates when the properties of systems             
involving physical devices with continuous dynamics and complex, concurrent interactions between           
the   system   and   its   environment   (networks,   devices,   and   people)   need   to   be   taken   into   account.  

Model-based testing proposes the use of models to generate test scenarios and oracles for              
implementation level artefacts to be executed offline and/or online. The main disadvantage of this              
technique is that implementation-level testing of complex software-intensive systems (such as           
cyber-physical systems) in fully realistic conditions (e.g., over the actual hardware and environmental             
conditions)   quickly   becomes   (Briand   2016): 

● Infeasible   —   e.g.,   when   the   hardware   is   developed   in   tandem   or   after   the   software; 
● Costly   —   e.g.,   when   the   hardware   may   wear   out   or   sustain   damage   during   testing; 
● Time   consuming   —   e.g.,   for   example,   when   the   hardware   or   the   environment   react   at   low   rate.  

Model execution is a cost-effective way to simulate (bring to life) systems in order to validate                
customer requirements early and quickly demonstrate design functional adequacy. It facilitates the            
delivery of high-quality software by allowing testing and validation of the system early in the design                
process, even when the hardware is not ready yet, to find errors when they are less costly to correct. It                    
is increasingly popular that general-purpose and domain-specific modelling languages provide the           
necessary means for model execution. Model interpretation, also known as direct model execution, is              
then a generalized idea where a model can be actioned or animated, prior to any kind of code                  
generation, for simulation and validation purposes in the very early phases of the software              
development cycle. Indeed, with model interpretation, a model produced at design-time can be reused              
as-is   at   run-time,   just   as   an   input   of   a   tailored   execution   engine   (a.k.a.   model   interpreter). 

Model testing builds on top of model execution in order to operationalize the idea of testing at                 
model   level.   It   tackles   the   disadvantages   of   more   traditional   V&V   by   providing   means   to   (Briand   2016): 

● Validate   large   numbers   of   test   execution   scenarios   by   means   of   model   executions. 
● Define testable models, i.e., models that enable the selection and execution of test scenarios              

at   an   adequate   level   of   detail. 
● Combine search-based software engineering (SBSE) techniques (such as evolutionary         

computing and other metaheuristic search techniques) with testable models, to automate the            
identification   of   cost-effective   test   scenarios. 

● Identify   critical   (high   risk)   execution   scenarios.. 

For scenarios where (up to date) system models are not available, machine learning (ML)              
techniques promise to become a powerful tools to enable model-based V&V. The idea is to develop                
algorithms that automatically learn (build) models of the system from observed system behavior. The              
basic idea is to incrementally reverse engineer the system by observation and produce models of it                
that   become   input   to   model-based   V&V. 

In this section, we firstly introduce the topics of model execution (simulation) in general-purpose              
(UML) and domain-specific modelling languages. Later, we complement it with a discussion about             
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model simulation in the context of partitioned systems, such as cyber-physical systems (CPS). We              
continue the section explaining the topics of model-based testing (MBT) and the more recent approach               
of model testing, which bring together MBT and model execution. Finally, we present the state of the                 
art   of   machine   learning   for   model-based   V&V. 

UML   execution 

Model-based systems engineering environments provide systems engineers with the tools to           
specify a system correctly, and to communicate the design of the system more effectively to all                
stakeholders in the development process. Those tools let them to capture, analyse, structure and              
specify   complex   systems   with   tight   integrations   within   the   overall   product   lifecycle.  

Model interpretation, also known as direct model execution, is then a generalized idea where a               
model can be actioned or animated, prior to any kind of code generation, for simulation and validation                 
purposes in the very early phases of the software development cycle. Indeed, with model              
interpretation, a model produced at design-time can be reused as-is at run-time, just as an input of a                  
tailored   execution   engine   (a.k.a.   model   interpreter). 

Simulation is the key to prove a design is functioning correctly earlier in the development lifecycle                
to validate requirements when they are least costly to fix. UML modelling environments usually provide               
simulation for early validation through model execution and model-level debugging of designs. With             
simulation, designs are brought to life with virtual prototypes to validate customer requirements early              
and quickly demonstrate design functionality. Moreover, they facilitate the delivery of high-quality            
software by automating testing and validation of the system early in the design process, even when                
the   hardware   is   not   ready   yet,   to   find   errors   when   they   are   less   costly   to   correct. 

The   problems   UML   has   traditionally   faced   in   order   to   become   executable   are   (Seidewitz   2011): 

● Making   models   detailed   enough   for   machine   execution   hampers   human   understanding. 
● UML   is   not   specified   precisely   enough   to   be   executed. 
● Graphical   modelling   notations   does   not   scale   well   in   detailed   programming   of   behaviour. 

The idea of tackling those problems to directly execute UML (Unified Modeling Language) models              
dates back to the origins of the language. The Executable UML is both a software development                
method and a highly abstract software language (Mellor and Balcer 2002). The language combines              
and complements a subset of the UML graphical notation with executable semantics and timing rules.               
The Executable UML method is the successor to the Shlaer–Mellor Method (Shlaer and Mellor              21

1996), an Object-Oriented Systems Analysis (OOSA) or Object-Oriented Analysis (OOA) methodology,           
which makes the documented analysis so precise that it is possible to implement the analysis model                
directly by translation to the target architecture, rather than by elaborating model changes through a               
series   of   more   platform-specific   (design)   models. 

Following OOA, Executable UML models are executed in the context of a number of interacting               
finite state machines, all of which are considered to be executing concurrently. Any state machine,               
upon receipt of an event (from another state machine or from outside the system) may respond by                 
changing state. On entry to the new state, a block of processing (an "action") is performed (Shlaer and                  
Mellor 1992). One of the requirement for executable models is to precisely specify the actions within                
the finite-state machines used to express dynamic behaviour. The class and state models by              
themselves can only provide a static view of the domain. In order to have an executable model, there                  

21    Oriented-Oriented   Analysis   and   Recursive   Design   (OOA/RD) 
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must be a way to create class instances, establish associations, perform operations on attributes, call               
state   events,   etc.  

In order to allow model execution, precise semantics of UML constructs must be defined.              
Executable UML defines execution semantics for a subset of the UML. Moreover, it imposes strong               
constraints on the way key elements from UML can be used: aggregations and compositions,              
generalizations, associations’ names and multiplicities, and data types. The main building blocks of             
Executable   UML   are: 

● The  domain chart provides a description of the domain being modelled, and the dependencies              
it   has   on   other   domains. 

● The  class diagram defines the classes and class associations for the domain. The Executable              
UML   method   limits   the   UML   elements   that   can   be   used   in   an   Executable   UML   class   diagram. 

● The  statechart diagram defines classes’ lifecycles by means of states, events, and state             
transitions   for   a   class   or   class   instance. 

● The  action language defines the actions or operations that perform processing on model             
elements   in   a   textual   notation. 

In Executable UML, this is done using an action language that conforms to the UML Action                
Semantics. Inspired by the Shlaer–Mellor Method, the concept of Action Semantics was included in              
UML 1.x as an compatible mechanism for specifying semantics of actions in a             
software-platform-independent manner. However, it did not include an action language (e.g., a textual             
notation) to embody the new semantics; it simply suggested the of the proposed action semantics to                
one   or   more   existing   action   language   syntaxes.  

The action metamodel in UML 1.5 had a strong influence on the abstract syntax for actions in the                  
new UML 2.0, adopted in 2005. However, the standard continued to lack an action language.               
Moreover, the action semantics in UML 2.0 continue being imprecise as described in informal              
text—and somewhat more loosely in version 2.0 than in 1.5— because OMG decided that the UML                
modelling   community   was   not   ready   for   this   level   of   formalization   (Seidewitz   2008).  

Moreover, one of the main problems for the popularization of Executable UML was the lack of an                 
universally agreed textual language to express actions. Tool vendors defined their own copyrighted             
and controlled action languages incorporated in their own flavour of Executable UML (e.g., xtUML or               
xUML). Therefore, most of these action languages were placed in the public domain in an effort to                 
spread their adoption by the tool vendors, which dampered openness, standardization and            
community-building   in   Executable   UML   for   more   than   a   decade.   Some   of   them   are : 22

● Shlaer–Mellor Action Language (SMALL) was really never integrated into any tool but served             23

as   basis   for   other   action   languages   and   their   supporting   tools   (PT   1997a,   1997b). 

● Action Specification Language (ASL) from Kennedy Carter's I-OOA™ and iUML products           
(Wilkie   et   al   1995,   KC   2003).   Open-sourced   within   the   xUML   proposal   to   Executable   UML. 

22    See   the   account   of   executable   UML   tools   history   at    http://www.ooatool.com/OOA10/index.htm 
23    https://xtuml.org/wp-content/uploads/2015/10/Shlaer-Mellor-Action-Language.pdf 
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● Object Action Language (OAL) (Project Technology 1997, Proyect Technology 2002, Mentor           
Graphics 2008) from BridgePoint® product . Open-sourced within the xtUML proposal to           24

Executable   UML. 

● Platform-independent Action Language (PAL) from Pathfinder Solutions's PathMATE™        
product   (PF   2004). 

● Kabira’s   Action   Language   for   ObjectSwitch™   product   (KT   2002). 

● Jumbala   from   HUT-TCSA’s   SMUML   tool   suite   (Dubrovin   2006). 

In 2011, the OMG (Object Management Group) released the first version of Foundational UML              
(fUML) as an answer to the search for a standard precise semantics for executable UML, albeit a                 
foundational subset of it (OMG 2011, 2017a). fUML provided the first precise operational and base               
semantics for a subset of UML encompassing most object-oriented and activity modelling. This             
opened the door to standards-based executable UML modelling. The specification of semantics focus             
on the existing abstract syntax of UML and did not deal with concrete syntax (notation) issues. This                 
was the purpose of an accompanying specification, the so-called Action Language for fUML (Alf). This               
proposed a concrete syntax (textual notation) for a UML Action Language (OMG 2010, OMG 2017b).               
This acts as “a textual surface representation for UML modelling elements” and a textual notation for                
the actions carried out upon them. The execution semantics for Alf are given by mapping the Alf                 
concrete   syntax   to   the   abstract   syntax   of   fUML   (see   Section   2.1   for   further   details).  

Recent approaches have tried to focus on the relational part of the original Shlaer–Mellor Method               
and tried to notably provide a simplified tool for action specification. This is the case of the so-called                  
Starr's   Concise   Relational   Action   Language   (SCRALL).  

Currently, there exists a handful of tools giving to Executable UML (Cabot 2017), not only to the                 
fUML/Alf standards but also tools that derive from the initial action languages available in older UML                
specifications). In the case of fUML/Alf, Papyrus is taking a great leap forward by developing the Moka                 
toolset   for   model   execution   (see   Section   2.2). 

DSML   execution 

The classical dichotomy between using a general purpose or standardized language (UML,            
fUML…) and defining his own modelling language fully dedicated to his needs exists also in the                
context of model execution. In a more general way, the MDE enables to define its very-own modelling                 
language dedicated to a specific purpose within the concept of DSML. Therefore one can also define                
DSML for executable models. Such DSML are either called i-DSML for interpreted DSML (Clarke and               
al. 2013) or xDSML for executable DSML (Combemale and al. 2012). The previous section has               
discussed works around the OMG’s fUML standard. This section will focus on how building his own                
executable   modelling   languages. 

 

24    Project   Technology   was   acquired   by   Mentor   Graphics   in   2004 
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Model execution has been studied by several works, notably (Breton and Bezivin 2001; Cariou and               
al. 2013; Clarke and al. 2013; Combemale and al. 2012). All these works built a consensus on the                  
rationale of model execution and how to design an i-DSML. The Figure above is the conceptual                
characterization of (Cariou and al. 2013). An i-DSML is a specific kind of DSML whose metamodel                
contains two types of meta-elements: Elements called 'static' which describe the steady structure of a               
model, and elements called 'dynamic' which indicate the global model state at a given execution step.                
In the case of a state machine, for example, the static elements are states and transitions while the                  
dynamic elements are the current active state(s). A precise execution semantics is attached to an               
i-DSML. It specifies how to make evolving the model at runtime or during simulation, acting only on the                  
dynamic elements of the model under execution. Reconsidering the state machine example, it             
specifies how the transitions have to be fired according to both the current active state(s) and an                 
incoming event, leading to modify the current active state(s). This operational execution semantics is              
implemented through an execution engine. The engine takes an executable model (conforming to an              
i-DSML) in input and is in charge of its interpretation, that is, making evolving it, thereby generating a                  
sequence of execution steps (a.k.a. an execution trace). In an EMF environment, the i-DSLM can be                
defined with an Ecore meta-model and the execution engine can be implemented in Java based on                
the   EMF   API   or   with   a   model-oriented   action   language   such   as   Kermeta. 

It is worthwhile mentioning that the aforesaid characterization assumes that the current state of a               
model under execution is stored in the model itself. This is not always the case, since knowledge                 
about the current state can also be internally managed by the engine. As an example, PauWare is an                  25

execution engine for UML state machines, written in Java. Nevertheless, the genuine UML             
specification did not planned to store in a state machine diagram what are the current active state(s).                 
Consequently, the PauWare engine is responsible for this. Storing the execution state inside the model               
rather than inside the engine has the advantage it provides a self-contained execution trace. Thanks to                
that,   it   is   possible   to   perform   failure   recovery   or   to   apply   verification   techniques   onto   the   trace. 

Embedded at runtime in the final system, an executable model defines the behaviour of the running                
system, that is, when its business actions have to be executed and under what conditions (Cariou and                 
al. 2016). For instance, a finite state machine can control the activation of elements of an elevator                 
system (opening and closing its doors, winding/unwinding the cable to reach a given floor…). Even if                
these business actions are not yet implemented or present at design time, simulating the executable               
model enables to validate that the behaviour of the system has been correctly defined within this                

25    http://www.pauware.com 
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model. This validation is made at design time, then in an early stage of the system development,                 
avoiding   to   reach   the   final   implementation   stage   to   detect   problems   with   the   system   behaviour. 

It is then required to develop methods and tools for validating model execution, such as model                
testing, debugging with a step by step execution, analysis of execution traces or visual animation. For                
instance, as presented above, the Moliz project can be used for testing and debugging fUML models                
(Mayerhofer and Langer 2012). The particularity of i-DSML is that each one is defining its own static                 
and dynamic elements and has a specific operational execution semantics. For instance, in the case               
of finite state machines, the active elements are states, activities in the case of workflows or places in                  
the case of Petri nets. Of course it is possible to develop validation tools for each i-DSML based on the                    
same common principles but these principles will have to be specifically adapted and implemented for               
each i-DSML. A challenging research subject for avoiding this problem is to develop methods and               
tools the most generic as possible and that can be applied the most automatically as possible to any                  
i-DSML. Currently, few works have begun to tackle this problem. We can cite for instance (Bousse and                 
al. 2015) which generates automatically a dedicated meta-model of execution trace based on the              
definition   of   a   given   i-DSML. 

Model   execution   in   partitioned   systems 

The complexity of industrial embedded systems is increasing continuously. Companies try to keep             
a leading position by offering additional functionalities and services. Embedded systems evolve to             
what has been named cyber-physical systems (CPS), which aims at merging the physical world with               
the virtual. They are composed by of multiple sensors, actuation and computation subsystems running              
on   a   distributed   platform. 

The most natural trend is to integrate a large number of functions in the same processor, in order to                   
provide cost effective systems. In this way is also possible to satisfy the requirements for reduced size,                 
weight, and power consumption. From this point of view, the integration of a large number of                
functionalities   in   the   same   execution   platform   poses   a   number   of   new   technical   challenges. 

In some domains, it is necessary to certificate the system for ensuring it can be trusted, i.e. it will                   
operate in a safe and secure way for persons and the environment. Conformance to safety standards                
is of great help (often required for certification). Most of these standards assign integrity or criticality                
levels to the different components of the system. Traditionally, components with different criticality level              
were located on separated processors in order to prevent undesirable interferences. In mixed-criticality             
systems,   components   with   different   criticality   level   coexist   in   the   same   execution   platform. 

The use of virtualization is a suitable way for dealing with mixed-criticality systems. A hypervisor               
provides partitions or virtual machines with spatial and temporal isolation. Applications with different             
criticality level are located in different partitions, so that there are not undesirable interferences.              
Partitioned software architectures were defined to achieve trusted systems. A partition is an execution              
environment integrated by an operating system and its application. Partitions are executed on top of a                
hardware platform in an independent way. Virtualization is the basic technique to build partitioned              
software architectures. This virtualization can be achieved (among other solutions) by means of a              
hypervisor.   The   purpose   of   the   hypervisor   is   to   virtualise   efficiently   the   available   resources.  

XtratuM (Masmano et al. 2009, 2010) is a type 1 hypervisor that uses para-virtualization. It is being                 
used to as a time and space partitioning (TSP) based solution for building highly generic and reusable                 
on-board payload software for space applications (Arberet et al. 2009). TSP-based architecture has             
been identified as the best solution to ease and secure reuse. It enables a major decoupling of the                  
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generic features that are being developed, validated, and maintained in mission-specific data            
processing (Arberet and Miro 2008). XtratuM was designed to meet safety critical real-time             
requirements.   The   most   relevant   features   are: 

● Bare   hypervisor. 
● Employs   para-virtualisation   techniques. 
● A hypervisor designed for embedded systems: some devices can be directly managed by a              

designated   partition. 
● Strong   temporal   isolation:   fixed   cyclic   scheduler. 
● Strong spatial isolation: all partitions are executed in processor user mode, and do not share               

memory. 
● Fine   grain   hardware   resource   allocation   via   a   configuration   file. 
● Robust   communication   mechanisms   (XtratuM   sampling   and   queuing   ports). 
● Static resource allocation. A configuration file specifies the temporal and spatial allocation of             

resources   to   partitions. 

Simulation by model-execution in real-time embedded systems refers to the performing of timing             
analysis of the temporal model of the system. One of the non-functional requirements of these kind of                 
systems is to meet the constraints defined in the temporal model. These constraints are often defined                
as periods, deadlines, precedence relations, jitter, etc. The timing analysis is also referred to as               
scheduling analysis in which the goal is to know if the temporal elements of the system meet their                  
temporal constraints. This analysis validates the temporal isolation but, in partitioned systems, also the              
spatial isolation must be checked. Scheduling tools such as MAST (Harbour 2001), Cheddar (Singhoff              
2004), RapidRMA (Tri-Pacific 2003) can be used to determine whether the given system is              
schedulable or not. These tools are basically an implementation of the scheduling analysis techniques              
published in the literature. The main goal of these tools are to determine whether the given system is                  
schedulable or not under the selected scheduling policy. In some cases, they also provide some hints                
on how to make the system schedulable if it is not. Schedulability analysis consists of checking if all                  
the tasks in the system meet their deadlines, according to a temporal model. There is a vast amount of                   
research and published papers addressing the schedulability problem of a task set. See (Sha 2004)               
for   a   survey   on   this   topic.  

For partitioned systems using XtratuM as hypervisor, Xoncrete is a tool to assist the system               
designer to configure the resources (memory, communication ports, devices, processor time, etc.)            
allocated to each partition (see Section 2.3). It also validates the correctness of the systems, in terms                 
of temporal and spatial isolation. Xoncrete has been specially designed to generate configuration files              
compatible with XtratuM. As it is designed for a specific hypervisor, it manages its own data model                 
(similar to MARTE-UML) to generate a configuration file compliant with ARINC-653 standard. Other             
standard   tools   must   be   adapted   to   cover   exactly   XtratuM   configuration. 

Model   based   testing 

Model-driven approaches are providing important benefits in the high-level modelling of complex            
systems. Recent development, e.g. in the COMPLEX project (COMPLEX 2017) or in the CONTREX              
project (CONTREX 2017) have enabled respective UML/MARTE modelling methodologies (Herrera et           
al. 2014) which have served as the entry point for system-level design activities, such as design space                 
exploration and implementation. Model-driven concepts and model-driven tools have been exploited to            
facilitate the integration of the underlying tools (simulators for performance estimation, exploration            
tools, cross-compilers, etc.) and thus to facilitate a high degree of automation of those design               
activities. Modelling methodologies and environments have traditionally facilitated Verification &          
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Validation. However, more recently, they are focusing on giving specific support to  Model-based             
Testing    (MBT)   techniques;   this   is   the   case   of   UML   /   MARTE   modelling   methodologies. 

Model-based Testing (MBT) includes a wide range of techniques and categories. For example,             
MBT methods can be divided in off-line testing and online testing depending on the way tests are                 
generated and executed (Utting et al. 2006). In this section we focus on offline MTB and, particularly,                 
in the execution of tests at design time, while section "Runtime verification and Online testing" in                
MegaM@art Deliverable 3.1 (MegaM@Rt2 Consortium 2017) focuses on online testing. As said            
before, Model-based Testing is a term that includes different approaches based on their core              
capabilities (Conformiq 2017). The three main approaches are graphical test modelling approach,            
environment model driven test generation, and system model driven test generation. In the off-line              
tests execution context, the support of an environment model is crucial. Specifically, such environment              
model should facilitate the specification of a complex and complete test environment to validate and               
verificate the whole system and its individual parts, supporting among other features test classification,              
coverage   metrics   which   could   be   back-annotated   after   test   run,   etc. 

In the context of UML, a main reference for MBT is the UML Testing Profile (UTP) (OMG 2013).                  
Despite the relatively long availability of UTP, only a few approaches have tried to provide support for                 
UTP (Iyenghar et al. 2011; Herrera et al. 2009). In (OMG 2013) UML and UTP are used for deploying                   
MBT in Resource-Constrained (RC)-Real-Time Embedded Systems (RTES). Specifically, a concise          
set of UTP artefacts in the context of MBT for RC-RTES is discussed and a detailed discussion on the                   
test artefacts generation algorithm demonstrating the applicability of the approach in a real-life             
RC-RTES   example   is   presented. 

The S3D methodology (Herrera et al. 2014, 2014b) exploited the UTP profile for the description of a                 
model environment, clearly separated from the system model. In the UML/MARTE methodology, the             
description of the model was split into views (corresponding to UML packages) and the first split of the                  
model was actually between the environment and the system model was in turn split into several                
views. A main consideration to do is that the UML/MARTE methodology was oriented to design space                
exploration. Therefore, the environment model was more oriented to capture and select a specific set               
of stimuli, representative of the use case. This way, the simulation-based DSE (Design Space              
Exploration) performed for the system-model was customized and thus optimized for such specific use              
case. Therefore, S3D UML/MARTE methodology did not tackle aspects specific from test, like for              
instance, to capture the coverage metrics to be employed for validating the system model, or like the                 
labelling of tests in terms of if they are mandatory, desirable, or optional. The S3D methodology  with                 
the modelling and design framework developed (S3D) supports the modelling activity with a model              
validation facility. The model can be used for software synthesis (Posadas et al. 2014). However, finding a                 
suitable and efficient implementation is required first. S3D enables an automated generation of a              
simulatable   performance   model   (Herrera   et   al.   2015)   relying   on   the   VIPPE   tool   ( VIPPE   2017) . 

It is indubitable the importance of test the system. The system testing does not toward around the                 
detection of bugs and prevention of defects, also it is able to verify the requirements of the system and                   
make sure they are suitable for their purpose. Because of their importance, there is a great interest                 
both in industry and academia in facilitating it (Llopis 2015). A great number of test frameworks for                 
C/C++ exist, but a standard one (like JUnit for Java) is missing. In (Chakravarty et al. 2011) there are                   
an evaluation of selected few frameworks to test C/C++ (the main language in embedded systems).               
The   UCAN   methodology   is   going   to   base   his   verification   and   validation   methodology   in   the   GoogleTest  
(GoogleTests 2017) environment. One of the main requisites to verify the system correctly is the use of                 
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correct model of temporality. In order to accomplish this requisite, it is proposed the use of a SystemC                  
(SystemC   2017).  

Model   testing 

Model testing (Briand 2016; Arrieta 2017) was proposed as a way to raise the level of abstraction of                  
testing by  executing tests on the model instead of the implemented software . In this context,               
models represent any relevant information regarding the software behaviour, structural information,           
environment, and other extra-functional properties. The goal is to use the advances in software testing               
research (Orso 2014) in the generation, execution, and fault detection for developing novel model              
testing technologies that can help practitioners in their test design. Other research areas related to               
model   testing   are:   model   checking,   model   simulation,   model-in-the-loop   testing,   model   based   testing.  

As an example of the application of model testing to the automotive domain, Marinescu et al.                
(Marinescu et al. 2017) expanded the scope of automated test generation and model testing to               
architectural models. The method is used for model testing the energy consumption of embedded              
systems, after transforming them into networks of formal models called priced timed automata (PTA).              
The result of applying model testing is a method for the automatic generation of energy-aware test                
cases based on statistical model checking. The execution of the test cases is automated on the model                 
using a test strategy based on several random simulation runs of the model. By seeding the original                 
model with a set of faults, model testing was used to carry out fault detection analysis. Given the large                   
number of potential test suites, a test selection method based on model fault detection has been                
devised.  

Model execution can serve as the crucial basis for MDE methods by enabling automated testing               
and debugging (Mayerhofer 2012). Although, lessons learned from testing and debugging of code may              
serve as a valuable source of inspiration, the peculiarities of models in comparison to code, such as                 
multiple views and different abstraction levels, impede the direct adoption of existing methods for              
models. Moliz aims at tackling these shortcomings by proposing an fUML model execution             
environment which enables to efficiently test and debug models (Mayerhofer and Langer 2012); those              
models can be based not only on UML but on any MOF-based DSL (Mijatov et al. 2015; Mayerhofer et                   
al.   2015).  

Machine   learning   techniques 

While the specific concept of exploiting machine learning in System Models dates, at least, back to                
1978 (Buchanan et al. 1978), more recent research, such as “Active Learning of Markov Decision               
Processes for System Verification” (Chen and Nielsen 2012) and “Using Machine Learning to Enhance              
Automated Requirements Model Transformation” (Chioasca 2012) concentrate on more recent          
machine learning techniques and their exploitation in assuring system validity. Ding et al. take a               
detailed view on the subject in their “Machine Learning Based Framework for Verification and              
Validation of Massive Scale Image Data” (Ding et al. 2017). This includes a schema of the verification                 
and validation of software components using domain modelling, data analytics & applications and the              
verification and validation of machine-learning algorithms including feature representation, feature          
extraction   and   feature   optimization. 

Existent System Models can leverage machine-learning techniques in the validation and verification            
processes of target systems. Overall, the idea of exploiting machine learning in various phases and               
areas of software engineering is more than a decade old (Zhang and Tsai 2005) and continues being                 
an ongoing area of research. Many software development, evolution and maintenance tasks could be              
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formulated as learning problems and approached in terms of learning algorithms: from requirements             
acquisition, software quality prediction and effort estimation to software reuse and synthesis, including             
project   and   knowledge   management.  

Within the formal methods community, there is a growing interest in learning-based approaches to              
testing, analysis and verification of software. Formal model verification has proven a powerful tool for               
verifying and validating the properties of a system. Central to this class of techniques is the                
construction of an accurate formal model for the system being investigated. Unfortunately, “manual             
construction of such models can be a resource demanding process, and this shortcoming has              
motivated the development of algorithms for automatically learning system models from observed            
system behaviours” (Chen and Nielsen 2012; Howar et al. 2016). This is an alternative to classical                
system analysis and design approaches and requires us to learn (building models by training) by               
observing the system’s behaviour. Learning-based testing (LBT) is an emerging paradigm for            
black-box requirements testing that is based on combining machine learning with model checking             
(Meinke and Sindhu 2011, 2013). In this approach, there is no need for design models of the system.                  
The basic idea is to “incrementally reverse engineer an abstract model” of it using machine learning                
techniques   applied   to   black-box   test   cases   and   their   results.  

In Active automata learning (Steffen et al. 2011), techniques are particularly suited for modelling the               
behaviour of realistic reactive systems by aggregating, and where necessary completing, the observed             
system’s behaviour. They fully automate the model inference of software applications for analysis,             
verification and validation purposes. Active automata learning is characterized by its alternation of an              
exploration phase and a testing phase. During exploration phases hypothesis system models are             
constructed while in testing phases hypothesis models are compared to the actual system. These two               
phases are iterated until a valid model of the system is produced. An example is ALEX, a                 
browser-based tool that “enables non-programmers to fully automatically infer models of other Web             
applications via active automata learning (Brainczyk et al. 2016). These models can be used for               
documentation   and   verification   of   such   applications.” 

In the domain of safety-critical systems, there has been proposals to use learning-based             
techniques in order to improve cost-effectiveness in the validation process. For example, Mauritz et al.               
present a method for ensuring that an advanced driver assistance  system satisfies its safety              
requirements at runtime and operates within safe limits that were tested in simulations (Mauritz et al.                
2016). This can be the basis for reducing the cost of quality assurance by transferring a significant part                  
of the testing effort from road tests to (system-level) simulations. In this approach, runtime monitors               
are   generated   from   safety   requirements   and   trained   using   simulated   test   cases. 

Machine Learning algorithms may also be applied to dynamical system modelling (e.g., systems             
working under unmodelled physics, stochastic systems or biological organisms). Highly effective           
algorithms for learning parametric models like Kalman Filters and Hidden Markov Models, as well as               
an expressive new class of nonparametric models via reproducing kernels can be applied (Boots              
2016). These algorithms, unlike maximum likelihood-based approaches, are statistically consistent,          
computationally   efficient,   and   easy   to   implement   using   established   matrix-algebra   techniques. 

Houghton et al. review modern methods for incorporating numerical data into System Dynamics             
modelling,   where   Machine   Learning   techniques   play   important   roles   (Houghton   et   al.   2014). 

Overall, different studies illustrate the commonality of exploiting existent System Models in the             
construction of machine-learning approaches for the validation and verification purposes of the target             
system. Systems Models can provide restrictions and requirements for the machine-learning models.            
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There are different ways to harness the knowledge of the System Models. The most arduous and                
time-consuming approach is to have a human expert translate the knowledge of the System Model to                
the machine-learning model. The easiest and most feasible approach is to have a machine-readable              
System Model which can be unequivocally translated into precise and unambiguous restrictions and/or             
conditions   in   the   machine-learning   model.  
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4. Modelling   methodologies 

This topic will cover current MBD methodologies for Model-based Continuous Development that            
serve as a background for MegaM@Rt2. The goal is to provide the background for task T2.3 which                 
aims   to   define   the   guidelines   to   apply   the   system   design   approach   envisaged   in   MegaM@Rt2. 

Model-based systems engineering (MBSE) techniques facilitate complex system design and          
documentation processes. Model-based systems engineering methods can be used within a           
conceptual modelling process to support and unify activities related to system-of-systems architecture            
development;   modell ing,   simulation,   and   analysis   efforts;   and   system   capabil ity   trade   studies. 

4.1. Conceptual   Modelling   Process 
Conceptual model is a complete, coherent representation of a system and its operating domain,              

including interactions with other systems and with its environment; it is primarily viewed as a means of                 
improving documentation, communication, and design consistency within a project. The conceptual           
model development does not prescribe a particular representation language or tool, a common             
approach.   (Topper   J.   S.,   2013) 

Conceptual modelling process provides a final system design or an M&S (modelling and             
simulation) architecture as result; this coherent view of a system and its domain can be used (and                 
reused) as a basis for analysis of the system configuration, behaviour, and alternatives. It can also                
form   the   basis   for   software   model   design   in   the   event   that   an   M&S   effort   is   desired. 

The process devel oped and used to build the conceptual model involves creating the following              
artefacts: 

● Domain model: This artefact captures the high-level components of the system and its             
oper ating environment and establishes the normalized referential framework particularly         
important   for   multidisciplined   stakeholder   organizations; 

● Use cases: These written descriptions of what the system will do capture its expected              
behaviours   and   its   interactions   with   external   actors; 

● Functional model: The functional model breaks the use cases into greater detail and shows              
activity flows and state transitions among components. Com plex functionality, an increasingly           
common char acteristic of modern systems, is difficult to address using traditional assessment            
techniques. There are new techniques, regarding Functional Thread Analysis, that enable and            
enhance analysis, testing, and evaluation of complex systems, which are difficult to assess             
using traditional analytical methodologies and tools. One of these techniques is           
Graph-Theoretic Algorithmic Techniques for Functional Thread Extraction in which activity          
diagrams can be interpreted as directed graphs, where activities are the nodes and the activity               
transitions   are   the   edges   between   them; 

● Structural model: This specification of system struc ture allocates attributes and operations to            
system   components,   expanding   and   adding   detail   to   the   domain   model. 

   Below   guiding   principles: 

 

 

Page   60    of   60   



 

● Breadth-First Development (or, Scope Before Fidelity) : This approach dictates the scope is            
covered comprehensively before fidelity is addressed, where the scope is defined as the area              
within the boundaries of the problem space and the fidelity is defined as the level of detail                 
incorporated into the modelling or analysis activi ties associated with the problem. It forces             
designers and analysts to define the problem domain scope and it prevents “jumping ahead”              
to selection of a particular analysis methodology, development of simulation tools, or            
premature conclusions. The approach forces to follow several important roles: scoping the            
problem before developing fidelity, no pertinent areas of the domain are ignored (avoiding the              
risks of ignoring significant elements at the periphery of the domain), composing the problem              
domain   (at   the   beginning   of   the   effort   and   then   detail   it   through   extensions); 

● Reusable processes and products : The development strategy based on conceptual model           
process makes the most of the software model or M&S architecture the process provides. The               
output format is, indeed, easily accessible and supporting data necessary to understand the             
context of their use and, consequently, remains useful for future projects. This philosophy             
means that, again, projects are started at a more general level than they would be if they were                  
aimed at a single-use solution, but these generic initial outputs provide a common starting              
point   for   future   work   and   reduce   duplication   of   effort;  

● Iterative, Agile Development : The architecture development takes advantage of the agile           
movement, a development philosophy that empha sizes short-term iteration, early and frequent           
product delivery and adapta tion to changing requirements. The end result is reached through             
iterations that progressively refining generic element into high-fidelity representation Each          
iteration should be completed within a reason able time and should have a specific goal in               
order to avoid the “analysis paralysis”; this risk is a drawback of the Breadth-First              
Development; 

● Decomposition to Primitive elements : This approach is compatible with the focus on            
breadth-first generality described above. Decomposition of an entity into its fundamental           
components   allows   definition   of   common   building   blocks   among   the   domain   entities; 

● Consistency, Standardization, Traceability, and Organization : These four features of the          
product being developed implies its understanding and transparency. Consistency signifies          
that elements of a prod uct or process are not self-contradictory. Standardization implies that a              
common convention is applied across the whole domain. Traceability means that the context,             
the source and the definitions of a particular element is readily apparent. Organization is a               
clear   and   defined   schema   of   relationships   between   domain   elements. 

MBSE techniques provide a way to capture, archive, and use information, which is fundamental to               
the complex design, analysis, implementation and test and evaluation (T&E) system throughout the             
lifecycle   of   a   system. 

Provides a basis for future analysis studies, model development, simulation efforts, system            
requirements   definition,   and   program   information   management. 

Conceptual modelling has the potential to reduce acquisition costs while enhancing analysis,            
design,   and   T&E   processes.      (Topper   J.   S.,   2013) 
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4.2. Machine   learning   and   deep   learning 
Machine-learning technologies (including deep learning) (please see Chapter 3.2 and its           

subchapter “Machine learning techniques.”) attempts to exploit existent data and the derivation of             
additional knowledge from it. The MegaM@Rt2 project includes numerous, extremely complicated use            
cases (and systems within the use cases) which contain data quantities far beyond the comprehension               
of human capacity and, above all, the degree of complexity and quantity which inhibits comprehensive               
and complete research and understanding of, even an individual, use case. The goal of machine               
learning and deep learning attempts to unravel and elicit knowledge in the voluminous and              
complicated data through mathematical and statistical approaches. (Goodfellow I., 2016; Koller D.,            
2009;   Murphy   K.   P.,   2012;   Hastie   T.,2009;Bishop   C.   M.,   2006). 

One approach to modelling is the mathematical modelling approach utilized by machine learning             
(the study of the construction of algorithms that can learn from and provide predictions on data) and                 
deep learning (the application of multi-layered Artificial Neural Networks to provide           
feature/representation learning, which automatically formulates representations of features and/or         
classification   from   raw   data.)      (Goodfellow   I.,   2016) 

Overall, machine learning is typically classified into three broad categories: supervised learning (in             
which the system is presented with example inputs and their desired outputs, and the goal is to learn a                   
general rule that maps inputs to outputs,) unsupervised learning (in which no labels are given to the                 
learning algorithm, leaving it on its own to find structure in its input,) and reinforcement learning (in                 
which the system interacts with a dynamic environment in which it must perform a certain goal without                 
being explicitly informed whether it has come close to its goal.) Unsupervised learning can be a goal in                  
itself   (discovering   hidden   patterns   in   data)   or   a   means   towards   an   end   (feature   learning). 

The basic formulation of a deep learning solution is the following: the utilization of specific dataset,                
the creation of a cost function (which illustrates how well the proposed solution suits the equivalent                
data,) the employment of optimization procedure (to arrive at the most suitable proposal for the               
equivalent data) and the establishment of a model (which is an individual mathematical model, e.g., a                
parametric model (e.g., Gaussian model) or nonparametric model (e.g., Dirichlet process) or a             
collection of mathematical models from which the most suitable option is searched, e.g., a family of                
mathematical models.) The difference between  parametric models and  non-parametric models is           
that the parametric models have a fixed number of parameters, whereas the non-parametric models              
has the number of parameters increase with the amount of training data. ( Bagdonavicius V.,2011),               
(Goodfellow   I.,   2016) 

Since 2006, deep learning garnered interest as it was able to generalize to new examples better                
than competing algorithms when trained on medium-sized datasets with tens of thousands of             
examples. Deep learning proved to be scalable way of training nonlinear models on large datasets               
resulting   in   its   current   boom   in   industry.   (Goodfellow   I.,   2016) 

Deep learning includes the ensuing methodologies: feedforward neural networks, recurrent neural           
networks,   deep   belief   networks,   convolutional   neural   networks   and   autoencoders.  

Feedforward neural networks establish the simplest formulation of neural networks, data proceeds            
only in one direction, from the input layer through the hidden layer to the output layer. No cycles are                   
permitted. Recursive neural networks permit directed cycles. This establishes the possible to adjust             
weights assigned to nodes (according to the significance in data.) Deep Belief Networks (DBN)              
composed of multiple layers of latent variables ("hidden units"), with connections between the layers              
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but not between units within each layer. Each sub-network's hidden layer serves as the visible layer for                 
the next. This also leads to a fast, layer-by-layer unsupervised training procedure. With unsupervised              
training, a DBN can learn to probabilistically reconstruct its inputs. The layers then perform as feature                
detectors on inputs. After this learning step, a DBN can be trained further in a supervised way to                  
perform classification. Convolutional neural networks (CNN) are feed-forward neural networks which           
contains overlapping regions. E.g., an image decomposed into overlapping areas. Each tile fed into a               
single neural network (with shared weights) which created it own output (the essential information)              
(convolutional layer) Downsample output arrays into individually smaller arrays (subsampling layer.)           
After the required levels of convolutional and subsampling layers, the high-level reasoning is             
performed on the fully connected layer. The fully connected layer has all the activations of all the                 
previous layers and therefore calculated. Autoencoders are artificial neural networks used for            
unsupervised learning. The aim of an autoencoder is to learn a representation (encoding) for a set of                 
data, typically for the purpose of dimensionality reduction. (Bengio Y., 2009; Liou, C.-Y., Huang, J.-C.               
and   Yang,   W.-C.,   2008;   Goodfellow   I.,   2016)  

Prominent research related to these topics include “Orthogonal Feature Learning for Time Series             
Clustering” (Wang 2011); “Robust Unsupervised Feature Learning from Time-Series” (Miao 2016); “A            
Review of Unsupervised Feature Learning and Deep Learning for Time-Series Modeling” (Längkvist            
2014); “Unsupervised Feature Learning from Time Series” (Zhang 2016); and “Deep Learning for             
Time-Series   Analysis”   by   John   Gamboa . 26

4.3. Component-based   System   Modelling 
The system modelling methodology described in this section is characterized by following a             

component-oriented approach (Szyperski 2002) and applying the Model Driven Architecture (MDA)           
(Schmidt 2006) principles in the development of the HW/SW embedded systems. Moreover, the             
proposed approach makes this methodology software centric (Yamashita 2010) as it considers            
application   components   as   units   allocable   either   on   the   software   system   or   hardware   system. 

In Component-based Software Engineering (CBSE) (Szyperski 2002), the system is built as a             
composition of application components interacting with each other only through well-defined           
interfaces; components can provide services to the rest of the components of the system (i.e. provided                
interfaces) or require other component services to function correctly (i.e. required interfaces). On this              
way, the application can be split into clearly separable and reusable blocks, improving the organization               
of the product as well as its reusability and modularity. Additionally, the internal behaviour of each                
component should be taken into account in the specification process. Keeping in mind the goals of the                 
CBSE (i.e. composability, compositionality and reusability), this methodology is focused on the            
definition   of   a   component   model   that   enables   the   exploration   of   the   concurrent   structure   of   the   system. 

The complexity of embedded, parallel systems and platforms requires design methodologies that,            
based on separation of concerns, enable the design teams to work in an efficient way. Separation of                 
concerns enables the specialization of the design process; separate but collaborating sets of             
designers can deal with different system concerns (application modelling, HW/SW platform design,            
etc), improving the development process. Therefore, well-defined system concerns in the same model             
enable designers to focus on their designing domain, guaranteeing system consistency by using the              
same   specification   language,   producing   synergy   among   different   design   domains.  

26    https://arxiv.org/abs/1701.01887  
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Support of this separation of concerns is covered in two steps. First, system models are divided                
into three sub-models, following the Y (Figure 4) structure commonly applied in the latest design               
methodologies. The two branches of the ‘Y’ are the separate models for SW application (PIM) on one                 
side and platform (PDM) on the other. Both models are connected by the PSM that defines the                 
mapping   of   SW   into   HW. 

 

Figure   4.   Y   structure 

  

Following this structure, the system model is composed of different sub-models defined according             
to   the   features   they   must   capture: 

● The Platform Independent Model (PIM), which describes the functional and non-functional           
aspects   of   the   system   functions   (e.g.   application,   functional   code); 

● The Platform Description Model (PDM), which describes the different HW and SW resources             
that   form   part   of   the   system   platform; 

● The Platform Specific Model (PSM), which describes the system architecture and the            
allocation   of   platform   resources. 

Using these sub-models, the UML/MARTE system design activity takes charge of all modelling              
tasks required for initially defining the system under development with several different aspect such as               
Data   types,   communication   interfaces,   channel   types,   system   application,   memory   partitions,   etc 

However, the integration of all these aspects into the three sub-models is too complex to be done.                 
This is because UML models are based on graphical descriptions and so the number of elements that                 
can be described in a model must be limited in order to maintain the benefits of the visual                  
methodology. As a result, the three models are also sub-divided into parts, which are called views.                
Each of the previous modelling tasks are dealt with by using a model view. There are different model                  
views: 

● Data View: defines the kind of data types used by the information exchange among the               
system   functionality.   Mandatory   to   be   included   in   the   model; 
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● Functional view: this view includes the specification of the interfaces provided/required by the             
application components in order to be connected among them. Additionally, the view includes             
the specification of the files that contains the implementation (functional source code) of each              
application   component.   The   view   is   Mandatory; 

● Application View: includes the definition of the application components and the application            
structure. Additionally, the view includes the association of the functional files defined in the              
FunctionalView to each application component. The view contains a “System” component           
which is used for specifying the application structure. It includes application components            
interconnect by using the interfaces defined in the FunctionalView and the communication            
mechanism   defined   in   the   CommunicationView.   The   view   is   Mandatory; 

● Concurrency view: this view includes all the threads of the system. Additionally, this view              
includes the association of the application components onto these threads. The view contains             
a “System” component which is used for specifying the threads presented in the model and               
the   mapping   of   the   application   components   on   these   threads.   The   view   is   Mandatory; 

● Communication view: captures the set of communication channels used for interconnect the            
different application components. Additionally, the view includes the mechanisms used for           
synchronizing threads and processes. The view is optional if no communication media are             
considered;  

● Memory Space view: defines the memory partitions that model the system processes as well              
as the allocation of application components onto these processes. Mandatory to be included in              
the   model; 

● HW Resources view: provides a description of the HW platform resources. Mandatory to be              
included   in   the   model; 

● SW Platform view: provides a description of the SW platform resources. Mandatory to be              
included   in   the   model; 

● Architectural view: defines the platform architecture and the mapping of system processes            
onto platform resources. Additionally, this view includes the association of threads to            
processors.   Mandatory   to   be   included   in   the   model; 

● Verification view: defines the environment components that interact with the system. Not            
mandatory; 

The   PIM   includes   the   views: 

● Data   View; 

● Functional   view; 

● Application   view; 

● Communication   view; 

● Concurrency   View; 
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● Memory   Space   View. 

The   PDM   includes   the   view: 

● HW   Resources   view; 

● SW   Platform   view. 

The   PSM   includes   the   view: 

● Architectural   view. 
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5. Discussion 

The previous sections presented the state of the art of the basis for system modelling and design:                 
the set of main modelling languages and relevant supporting tools, the modelling methodologies and              
the   model   verification   and   validation   approaches   and   techniques. 

Considering that the main goal of MegaM@Rt2 is to scale up the use of model-based techniques                
defining   methods   and   tools   to   exploit: 

1. modelling approach to guaranteeing scalability and manageability of all the involved artefacts            
(e.g.   workflows,   configurations,   collaboration,   etc.); 

2. configuration   and   model   governance   to   enhance   productivity; 

3. design time and runtime interaction and integration to guarantee consistency between design            
and   implementation   across   the   whole   system   lifecycle. 

The following discussion will highlight the main characteristics of the presented modelling grounds             
that   fulfil   these   objectives   as   well   as   the   gaps   and   the   weaknesses   to   tackle. 

Languages   and   tools 

Section   2   presents   the   main   modelling   languages.   It   is   possible   to   roughly   classify: 

● “Domain-oriented” ones, i.e. AADL, basically from avionic and aerospace sector; EAST-ADL           
from automotive sector; and FDB/UPPAAL from PLC and embedded systems design,           
generally focusing on real-time and embedded systems, characterised by critical          
non-functional   requirements   to   be   satisfied   (e.g.   safety, timeliness,   etc.). 

● “General purpose” UML family, i.e. UML itself and some standardised profiles (like SysML,             
MARTE,   UTP   and   fUML). 

AADL , has been defined in the first years of 2000 based on the aerospace and avionics systems                 
context and experience. It comes from the  computer language tradition , allowing an AADL model to be                
verified by a “compiler” ensuring its syntactic and semantic correctness and consistency. Furthermore,             
code generation is straightforward task. The core focus of AADL is runtime architecture modelling and               
analysis of the embedded and real time safety-critical systems with a special care to specific quality                
attributes such as timeliness, fault-tolerance, or security. Extension of the language is provided by              
“annex” constructs that integrate the language core, thus requiring, among other things, a compiler              
able to verify the syntactic and semantic integrity of the annex submodels. Currently, OSATE2, an               
open source Eclipse plug-in, is the only tool based on AADLv2. Some frameworks for aerospace and                
avionics systems, like TASTE (promoted by ESA) and COMPASS, are tool chains based on AADL and                
OSATE. 

EAST-ADL  is designed to complement AUTOSAR with higher level abstraction structures for            
automotive embedded systems. It uses meta-modelling constructs (classes, attributes, and          
relationships) based on concepts from UML, SysML and AADL, adapted for automotive needs and              
compliance with AUTOSAR. An EAST-ADL UML2 profile is available as annex to the OMG MARTE               
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profile allowing using of UML modelling tools (e.g. Papyrus, MagicDraw). In addition, behavioural             
models   can   be   exported   in   MATLAB/Simulink   for   simulation   and   code   generation. 

FDB  defines a graphical language based on IEC61131-3 for PLC design, while  UPPAAL  is an               
integrated tool environment comprehensive of timed automata graphical modeller, a simulator and a             
model checker. Automatic transformation is available from IEC61131-3 function block (i.e. FDB            
diagrams) to UPPAAL models in order to proceed with check and control of the safety characteristics                
of   the   designed   system. 

These “domain-specific” languages present some valuable characteristics, related to their nature of            
formal languages with strong semantics, syntax and inside check about functional and non-functional             
properties (error handling, dependability, security and safety analysis), but they are too strongly related              
to specific domains. In addition their rigorous formalism hardly support the intermediate interpretative             
steps required to move from the informal requirements expressed in natural language, till the complete               
formal   description   of   a   system. 

UML  was born in the 1990 decade as the evolution of the object oriented theory, thus it is not                   
related to any specific programming language nor to a specific system environment. UML syntax and               
semantic definitions are largely formal but they allow a powerful customisable possibilities providing,             
through profiling and stereotypes, a flexible way to extend and tailoring the language to specific needs.                
SysML  and  MARTE  are the two most important standardised profiles, but many other are available,               
like the presented UTP and fUML. SysML profiles the requirements management, the modelling of              
more general part of the system (not only software) with some block diagram types (e.g. hardware                
structure) and a mechanism to cross-connect model elements (e.g. allocation, value binding,            
traceability). The UML didn't address specifically the real-time systems but their peculiarities was taken              
in care from the beginning with the definition of the UML-RT profile, later included in UML-2 and                 
extended in MARTE profile with the additional capabilities to describe non-functional and time             
properties, the hardware platform and to support quantitative analysis (i.e. schedulability and            
performance). 

UML family languages have been widely adopted by industry. They support all the design steps               
from requirements analysis to the detail design and some level of code generation. Several              
commercial (Modelio, Raphsody, etc.) and open source (Papyrus, etc..) tools implement UML and its              
profiles (like SysML and MARTE). Some of them demonstrated robustness and scalability properties in              
managing large projects. They can be interfaced with external tools (e.g. DOORS for requirement              
management, GIT, ClearCase or other versioning and change management tools, etc.) to build an              
integrated environment supporting the whole project lifecycle. Integration with non-functional analysis           
tools (e.g. CHESS, XONCRETE, etc.) and model simulators (MOKA, etc..) is also provided. By the               
way, UML tools, in their current form, may gradually lose "market share" to DSLs: DSLs can be more                  
direct, appealing and easier to use for a wider range of users. However, UML vendors, with their                 
strong background in code generation approaches, can compete by adding a non-UML modelling and              
meta-modelling ‘surface’. Combined with their tool's existing UML features, this would make an             
attractive   combination   product   for   many   companies   (Dalgarno   2008). 

Model   verification   and   validation 

An important step in system modelling is the evaluation of the correctness of the model, since any                 
error in the model will reflect as an implementation error. The correctness is intended either in term of                  
syntactic paradigm of the given language (verification) and in term of adequate representation of the               
system artefacts (validation). Section 3 presents the state of the art of the techniques for model                
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verification and validation, highlighting the challenges of evaluating semi-formal languages, like UML,            
where   the   level   of   abstraction   of   the   model   itself   should   imply   a   not   rigorous   formalism. 

The analysis presented about the verification methodologies highlights how the research progress            
in SAT- and CP-solver technologies allows achieving automation and efficiency without sacrificing the             
language expressiveness. In addition the solutions computed by these solvers can be used to perform               
a model-based testing instead of verification. Another verification strategy is based on the model              
transformation. Having defined a translational semantic, the input model is transformed in a target              
model that in turn is verified for validity. Verification by “contract” is one of the model transformation                 
techniques that can be easily adopted. It uses OCL to define pre and post-condition on transformation                
operation   to   be   checked   on   input   and   target   model. 

Once the model is verified, it must be checked to prove the design satisfy the given requirements.                 
One of the main technique is the model simulation, which is executing and debugging the design at                 
model-level. Simulation technique are widely used in all engineering areas for an early demonstration              
of the validity of the design choices. In order to allow executing a model, the semantic of the                  
description language must be precise and unambiguous. Executable UML defines such semantic            
restricting the set of usable UML model elements and imposing several constraint on the language               
expressiveness. fUML is a profile for executable UML, supported by some tools (e.g. Papyrus, RSA,               
etc.) but it did not encounter the favour of the industry since it imposes strong limitations; and the effort                   
to develop an fUML compliant model is comparable to the one required to write it using                
general-purpose   programming   languages. 

Other techniques, like model testing (i.e. evolution of the model checking, affected by the state               
explosion problems) and machine learning technique, aim to assure system validity moving the testing              
activity   on   the   model   instead   of   the   software   code   implementation. 

All these techniques have some drawbacks, limiting their applicability, related to the increased level              
of   formalism   (and   related   designers   knowledge)   required   for   unambiguously   interpreting   the   model. 

Methodologies 

The design process has to be drive through a set of phases that allow managing the system                 
complexity. Section 4 addresses different modelling methodologies with the focus on the model-based             
continuous development identified as the process base to support the MegaM@Rt2 approach. The             
analysis mainly focuses on the conceptual modelling paradigm, the component-based modelling and            
how the machine-learning technologies should support the designer to unravel and elicit knowledge of              
complicated   systems. 

The general goal behind  conceptual modelling is to establish a framework that facilitates:             
understanding the problem space, synthesising possible solutions, and analysing the identified           
solutions. Domain models and use cases provide a basis for analysing needs and identifying the basic                
components of the system and their relationships, and then through iterative process solutions they              
are identified and refined to a final stable representation of the structural and behavioural elements of                
the   system. 

The  component-based  approach is based on the “separation of concerns” concept, i.e. a             
component is fundamentally a systems in its own right and the whole system is composed by loosely                 
coupled   independent   components. 
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The  machine learning aims to exploit and support the mathematical modelling approach.            
Mathematical models are usually composed of variables, i.e. an abstractions of system parameters             
that can be quantified, and relationships, i.e. the operators , such as algebraic operators, functions,              27

differential operators, etc. The trade-off of machine learning to solve a system (or subsystem)              
modelling is that first is necessary to train a learning model using some samples, then the evaluated                 
solutions would be a complex function of the input data and it has to be considered how the complexity                   
increase   when   input   data   grow. 

MegaM@Rt2   objectives 

One of the basic consideration when defining a modelling strategy for large and complex systems               
is that the support tool chain and the modelling methodologies must be adapted to different industrial                
sectors and problem domains. The success of the UML language is mainly due to its adaptability,                
thanks to profiling mechanism and the richness of its constructs. UML support the most part of the                 
design step and relevant modelling artefacts, from requirement analysis to the development, test and              
delivery. Several profiles and tools are available to support both functional and non-functional analysis              
during   early   design   stages   but,   to   enhance   the   productivity,   all   these   supports   should   be: 

● Integrated in a single consistent framework, comprehensive of external tools required to            
support   ancillary   activities   (e.g.   requirement   management,   documentation   production,   etc.); 

● Simplified in term of specialisation knowledge required, increasing the automation (e.g. some            
non-functional analysis, like schedulability or timing analysis, require model manipulation and           
annotation   with specific data that sometime should be derived from available sources like           
system   requirements); 

● Completed with some missing or not completely well defined analysis, like for instance the              
performance analysis that usually requires specific knowledge, tools and analysis          
environments,   model   transformation   not   always   automated; 

● Enhanced in system validation and verification due, for instance, to lack of robust model              
simulators; 

● Must manage scalability to support real world scenarios implied by the full deployment and              
use   of   complex   systems. 

Methodologies are a fundamental definition of practice to be adopted to better apply the language               
and modelling tools potential. They are strategic to manage the complexity of the problem and the                
design activity, and thus to solve the scalability issue mentioned above. The basic well known strategy                
to   manage   the   complexity   is   the   partitioning: 

● Partitioning system in smaller cooperating subsystems imply the management of different           
possibly parallel models and their integration every time is needed, e.g. for verification or              
testing   purposes; 

● Partitioning the design activities between several designers to parallelise jobs and to integrate             
different required knowledge, imply the coordination and collaboration between different          
teams. 

27    https://en.wikipedia.org/wiki/Operator_(mathematics)  
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Mostly all the design methodology face the complexity with partitioning, but, the suggested             
methodologies are specifically suited to manage large system design where several system            
partitioning are possible and the trade-off is to find the optimal, or, at least, a good one, with the                   
constraint   to   satisfy   the   given   requirements   (or   a   selected   subset)   at   a   reasonable   cost. 

The research of the optimal solution should be an iterative process (as the conceptual modelling               
definition) since the design activity is a continuum across the whole system lifecycle implying: dynamic               
changes, test and verification iterations. The design and runtime interaction, that is one of the declared                
MegaM@Rt strategy to guarantee project consistency, emphasises the necessity to efficiently support            
the   design   evolution   managing   several   kind   of   feedbacks. 
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Appendix   A:   Baseline   Tools 

This appendix provides a comprehensive list of the baseline tools provided by all the partners (who                
are tool providers) involved in this deliverable. They have been selected based on their relevance an                
innovation potential in the context of MegaM@Rt2 and with the topics addressed in this deliverable (cf.                
Sections 2-4). More technical solutions from the project partners are available similarly from the two               
other state-of-the-art deliverables, namely D3.1 and D4.1, covering respectively the design and            
runtime   aspects   of   MegaM@Rt2. 

A.1. EMFtoCSP 

Summary   Sheet 

Short   Description EMFtoCSP is a model verification tool that follows a bounded verification           
strategy to provide a pragmatic approach to assess the quality of models. It is              
implemented as an Eclipse plugin for the verification of EMF models and UML             
class diagrams. OCL is also supported. The tool works by transforming the            
question of whether a given input model satisfies a particular correctness           
property into a Constraint Satisfaction Problem which is then fed into the            
underlying   CSP   solver   (Eclipse   2017). 

License Eclipse   Public   License   -   v1.0 

Documentation 
Resources 

https://github.com/SOM-Research/EMFtoCSP/wiki  

Source   Code https://github.com/SOM-Research/EMFtoCSP  

Maturity Research   prototype 

Contact Jordi   Cabot   (jordi.cabot@icrea.cat) 
 

Overview 

EMFtoCSP is a tool for the verification of precisely defined conceptual models and metamodels.              
For these models, the definition of the general model structure (using UML or EMF) is supplemented                
by OCL constraints. The Eclipse Modeling Development Tools (MDT ) provides mature tool support             28

for   such   OCL-annotated   models   with   respect   to   model   definition,   transformation,   and   validation. 

However, an additional important task that is not supported by Eclipse MDT is the assurance of                
model quality. A systematical assessment of the correctness of such models is a key issue to ensure                 
the quality of the final application. EMFtoCSP fills this gap by provided support for automated model                
verification   in   Eclipse. 

Essentially, the EMFtoCSP is a sophisticated bounded model finder that yields instances of the              
model that conform not only to the structural definition of the model (e.g. the multiplicity constraints),                
but   also   to   the   OCL   constraints.   Based   on   this   core,   several   correctness   properties   can   be   verified: 

● Satisfiability - is the model able to express our domain? For this check, the minimal number of                 
instances   and   links   can   be   specified   to   ensure   non-trivial   instances. 

28    http://www.eclipse.org/modeling/mdt/ 
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● Unsatisfiability - is the model unable to express undesirable states? To verify this, we add               
further constraints to the model that state undesired conditions. Then we can check if it is                
impossible   to   instantiate   the   amended   model. 

● Constraint subsumption - is one constraint already implied by others (and could therefore be              
removed)? 

● Constraint redundancy - do different constraints express the same fact (and could therefore be              
removed)? 

To solve these search problems, EMFtoCSP translates the EMF/OCL (resp. UML/OCL) model into             
a constraint satisfaction problem and employs the Eclipse CLP solver (Eclipse 2017) to solve it. This                
way,   constraint   propagation   is   exploited   to   tackle   the   (generally   NP-hard)   search. 

Figure   5.   Overview   of   EMFtoCSP   architecture   and   process 

The tool is an evolution of the UMLtoCSP approach developed previously by Jordi Cabot, Robert               29

Clarisó and Daniel Riera. It provides a generic plugin framework for Eclipse to solve OCL-annotated               
models using constraint logic programming. Apart from already supported Ecore and UML            
metamodels, further metamodels can be added easily in the future. Similarly, other constraint solving              
back-ends   can   be   integrated.   It   is   provided   under   the   Eclipse   Public   License. 

 

 

  

29    http://gres.uoc.edu/UMLtoCSP/  
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A.2. Collaboro 

Summary   Sheet 

Short   Description Collaboro is an approach to enable the participation of all members of a             
community in the specification of a new domain-specific language or in the            
creation of new models. Collaboro allows representing (and tracking) language          
change proposals, solutions and comments for both the abstract and concrete           
syntaxes of the language. This information can then be used to justify the design              
decisions taken during the definition or use of the modelling language. The            
approach provides two front-ends (i.e., Eclipse-based and web-based ones) to          
facilitate its usage and also incorporates a recommender system which checks           
the   quality   of   the   DSML   under   development. 

License Eclipse   Public   License   -   v1.0 

Documentation 
Resources 

https://github.com/SOM-Research/collaboro  

Source   Code https://github.com/SOM-Research/collaboro  

Maturity Research   prototype 

Contact Jordi   Cabot   (jordi.cabot@icrea.cat) 
 

Overview 

Collaboro   for   DSML   collaborative   development 
Collaboro is an approach to enable the participation of all members of a community in the                

specification of a new domain-specific language or in the creation of new models. Collaboro allows               
representing (and tracking) language change proposals, solutions and comments for both the abstract             
and concrete syntaxes of the language. This information can then be used to justify the design                
decisions taken during the definition or use of the modelling language. The approach provides two               
front-ends (i.e., Eclipse-based and web-based ones) to facilitate its usage and also incorporates a              
recommender   system   which   checks   the   quality   of   the   DSML   under   development. 

 

Figure   6:   Overview   of   Collaboro   architecture   and   process 

Collaboro proposes a collaborative approach to develop DSMLs following the process summarized            
in Fig. 6. Roughly speaking, the process is as follows. Once there is an agreement to create the                  
language, developers get the requirements from the end-users to create a preliminary version of the               
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language to kickstart the actual collaboration process (step 1). This first version should include at least                
a partial abstract syntax but could also include a first concrete syntax draft (see DSML Definition). An                 
initial set of sample models are also defined by the developers to facilitate an example-based               
discussion, usually easier for non-technical users. Sample models are rendered according to the             
current concrete syntax definition (see Rendered Examples). It is worth noting that the rendering is               
done on-the-fly without the burden of generating the DSML tooling since we are just showing the                
snapshots of the models to discuss the notation, not actually providing at this point a full modelling                 
environment. 

Now the community starts working together in order to shape the language (step 2). Community               
members can propose ideas or changes to the DSML, e.g., they can ask for modifications on how                 
some concepts should be represented (both at the abstract and concrete syntax levels). These              
change proposals are shared in the community, who can also suggest and discuss how to improve the                 
change proposals themselves. All community members can also suggest solutions for the requested             
changes and give their opinion on the solutions presented by others. At any time, rendering the                
sample models with the latest proposals helps members to have an idea of how a given proposal will                  
evolve the language (if accepted). During this step, a recommender system (see Recommender) also              
checks the current DSML definition to spot possible issues according to quality metrics for DSMLs. If                
the recommender system detects possible improvements, it will create new proposals to be also              
discussed by the community. All these proposals and solutions (see Collaborations) are eventually             
accepted   or   rejected. 

Acceptance/rejection depends on whether the community reaches an agreement regarding the           
proposal/solution. For that, community members can vote (step 3). A decision engine (see Decision              
Engine) then takes these votes into account to calculate which collaborations are accepted/rejected by              
the community. The engine could follow an automatic process but a specific role of community               
manager could also be assigned to a member/s to consolidate the proposals and get a consensus on                 
conflicting opinions (e.g., when there is no agreement between technical and business            
considerations). Once an agreement is reached, the contents of the solution are incorporated into the               
language, thus creating a new version. The process keeps iterating until no more changes are               
proposed. Note that these changes on the language may also have an impact on the model examples                 
which   may   need   to   be   updated   to   comply   with   the   new   language   definition. 

At the end of the collaboration, the final DSML definition is used as a starting point to implement a                   
full-fledge DSML tooling (see DSML Tooling) with the confidence that it has been validated by the                
community (e.g., transforming/importing the DSML definition into language workbenches like Xtext or            
GMF). Note that even when the language does not comply with commonly applied quality patterns,               
developers can be sure that it at least fulfils the end-users’ needs. Moreover, all aspects of the                 
collaboration are recorded (see Collaboration History), thus keeping track of every interaction and             
change performed in the language. Thus, at any moment, this traceability information can be queried               
(e.g., using standard OCL (Object Management Group, 2015a) expressions) to discover the rationale             
behind   the   elements   of   the   language   (e.g.,   the   argumentation   provided   for   its   acceptance). 

Collaboro   for   collaborative   modelling 
Collaboro also supports the collaborative usage of DSML, thus tracking changes and discussions on              
model instances (e.g., UML class diagrams). Fig. 7 shows the approach. Unlike the Fig. 6, where the                 
process for the collaborative development of DSMLs is illustrated, in this case the community              
evaluates and discuss changes about the model being developed and not the metamodel. Thus, once               
there is a first version of the model and a set of examples (step 1), the community discusses how to                    
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improve the models (step 2). The discussion arises changes and improvements that have to be voted                
and eventually incorporated in the model (step 3). Discussion and decisions are recorded (see              
Collaboration   History),   thus   keeping   track   of   the   modifications   performed   in   the   model. 

 

Figure   7:   Overview   of   Collaboro   architecture   and   process 

 

 

  

 

 

Page   76    of   76   



 

A.3. Conformiq   Designer 

Summary   Sheet 

Short   Description Conformiq Designer enables automatic generation of functional box tests from          
system models. Combining best-of-breed mathematical algorithms with an        
Eclipse-based IDE for Automated Test Design, Conformiq Designer reduces the          
risk of missed tests by enabling companies to test for difficult and complex             
system   scenarios. 

License Commercial 

Documentation 
Resources 

https://www.conformiq.com/resources/getting-started/  
https://www.conformiq.com/faq/  
https://www.conformiq.com/resources/white-papers/  

Source   Code  

Maturity Commercial   Tool 

Contact Kimmo   Nupponen   (kimmo.nupponen@conformiq.com) 
 

Overview 

Conformiq offers a next generation solution for automatic software testing. Our products fit the              
needs of Agile software development by adapting quickly to new product requirements and eliminating              
the time required for laborious test execution script maintenance during short sprints. The low              
implementation and maintenance requirements of Conformiq products tackle the challenges of           
traditional   test   automation   and   enable   your   organization   to   test   better,   faster,   sooner,   and   cheaper. 

Instead of using test cases, Conformiq users have a model, which describes the System Under               
Test, or the product you want to test. From the model, Conformiq products use highly intelligent                
algorithms to automatically determine the necessary tests and test data, and automatically generate             
scripts for automated execution. Conformiq products also automatically create test case           
documentation in any language, and upload it to your Application Lifecycle Management or Test              
Management system. On design changes, our products automatically update the scripts test cases             
identifying which are new, which are the same, and which are no longer valid. The tests generated are                  
optimized   for   fast   execution   and   create   known   coverage,   improving   the   quality   of   your   product. 

Key   capabilities   of   Conformiq   products: 

● Create   and   update   automatically   scripts   for   automated   test   execution   systems. 

● Create and update automatically test documentation for Application Lifecycle Management or           
Test   Management   systems. 

● Automatically   optimize   tests   for   faster   test   execution   and   improved   coverage. 

● Flag   changes   in   product   requirements   to   make   maintenance   faster. 

● Automatically   create   and   maintain   test   data. 

 

 

Page   77    of   77   

https://www.conformiq.com/resources/getting-started/
https://www.conformiq.com/faq/
https://www.conformiq.com/resources/white-papers/


 

● Automate the execution of new and existing tests, and transform manual tests into             
automatically   executable   tests. 

● Extend industry-standard test automation tools, including existing and open source test           
execution   tools. 
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A.4. VeriATL 

Summary   Sheet 

Short   Description VeriATL is a model transformation verification tool that follows an unbounded           
verification strategy to practically assess the correctness of model         
transformations. Specifically, VeriATL is developed as an Eclipse plugin for the           
verification of ATL model transformations against correctness property        
expressed in OCL. The tool works by automatically generating the axiomatic           
semantics of a given ATL transformation in the Boogie intermediate verification           
language, combined with a formal encoding of EMF metamodels and OCL           
correctness properties. The Z3 automatic theorem prover is used by Boogie to            
verify the correctness of the ATL transformation. On verification failure, VeriATL           
is also equipped with automatic fault localization to facilitate debugging.          
Moreover, it uses an incremental verification technique to ensure its practical           
applicability   in   rigorous   model   transformation   development. 

License Eclipse   Public   License   -   v1.0 

Documentation 
Resources 

https://github.com/veriatl/VeriATL/wiki  

Source   Code https://github.com/veriatl/VeriATL  

Maturity Research   prototype 

Contact Zheng   Cheng   ( zheng.cheng@inria.fr )   Massimo   Tisi   ( massimo.tisi@inria.fr )  
 

Overview 

VeriATL is a model transformation verification tool that follows an unbounded verification strategy to              
practically assess the correctness of model transformations (Cheng et al. 2015). Specifically, VeriATL             
is developed as an Eclipse plugin for the verification of ATL model transformations against correctness               
property expressed in OCL. The tool works by automatically generating the axiomatic semantics of a               
given ATL transformation in the Boogie intermediate verification language (Barnett et al. 2006),             
combined with a formal encoding of EMF metamodels and OCL correctness properties. The Z3              
automatic theorem prover (Moura and Bjørner 2008) is used by Boogie to verify the correctness of the                 
ATL transformation. On verification failure, VeriATL is also equipped with automatic fault localization to              
facilitate debugging. Moreover, it uses an incremental verification technique to ensure its practical             
applicability   in   rigorous   model   transformation   development. 

 

Figure   8:   Overview   of   VeriATL   architecture   and   process 
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VeriATL   supports   the   formal   verification   of   the   following   correctness   properties: 

● Syntactic correctness of model transformation, which ensures that every valid source model            
generates a valid target model. The validity is usually given by syntactic constraints, e.g.              
constraints   on   the   multiplicity   of   associations. 

● Semantic correctness of model transformation, which ensures that semantic constraints (e.g.           
constraints on the uniqueness of associations) defined on the source metamodel, can be             
preserved   on   the   target   metamodel   after   executing   the   model   transformation. 

● Termination of model transformation, which ensures that a model transformation terminates           
under   valid   source   models. 

● Quality of model transformation specification: which ensures the absence of rule conflicts in a              
model transformation, and provide certain degree of assurance for freeness of runtime            
exceptions. 

On verification failure, VeriATL exploits natural deduction and program slicing techniques to help             
the user pinpoint the fault (Cheng and Tisi 2017a). Particularly, it provides: (a) slices of the original                 
model transformation that leads to reproducing the failure scenario; (b) debugging clues, deduced             
from   the   input   postcondition   to   alleviate   the   cognitive   load   of   understanding   the   bug. 

The practical applicability of VeriATL in rigorous model transformation development is ensured by             
computing the impact of a model transformation change on the verification of correctness property              
(Cheng and Tisi 2017). Thus, VeriATL is able to re-using the verification results of correctness               
properties that are not impacted by the change, and incrementally re-verifying only the impacted part               
of   the   correctness   property. 

In MegaM@Rt2, the tool will be extended with new methodology aimed at improving its              
expressiveness   for: 

● Model transformation language, since VeriATL specifically aims at relational aspect of the ATL             
language   at   the   moment.  

● New   correctness   properties   identified   in   the   MegaM@Rt   project. 
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A.5. S3D 

Summary   Sheet 

Short   Description S3D (Single Source System Design) is a modelling and design framework           
which supports UML/MARTE based modelling, analysis and design of         
mixed-criticality   embedded   systems. 

License Open   Source   for   research   and   development 

Documentation 
Resources 

http://contrep.teisa.unican.es/index.php/documentation/  

Source   Code http://contrep.teisa.unican.es/index.php/downloads/  

Maturity Research   prototype 

Contact adiaz@teisa.unican.es 

  

Overview 

S3D (Single Source System Design) is a framework which supports UML/MARTE based modelling,             
analysis   and   design   of   mixed-criticality   embedded   systems.  

S3D provides tools and a user front-end for different design activities, which in turn rely on                
back-end tools, like VIPPE, a fast performance estimation tool; or MAST, a schedulability analysis tool.               
S3D   supports   the   modelling   activity   with   a   model   validation   facility.  

The model can be used for software synthesis (Posadas et al. 2014). However, finding a suitable                
and   efficient   implementation   is   required   first.  

S3D enables an automated generation of a simulatable performance model (Herrera et al. 2015)              
relying   on   the   VIPPE   tool   (VIPPE   2017).  

VIPPE relies on native (or source-level) performance simulation, a performance estimation           
technology capable to offer performance estimations close in accuracy, but one or more order of               
degrees   faster,   than   instruction-set   simulators   (ISS)   or   simulators   relying   on   binary   translation. 

This makes native simulation convenient for design space exploration with concern on EFPs. S3D              
also enables the automated generation of an automated DSE framework, in turn relying on the               
automatically generated VIPPE model (Herrera et al. 2016). S3D also connects with a schedulability              
analysis   tool   (Penil   et   al.   2015). 
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A.6. Vippe 

Summary   Sheet 

Short   Description VIPPE is a tool infrastructure for simulation and performance estimation of           
complex, heterogeneous MPSoC. VIPPE allows the designer to simulate and          
application composed of different pieces of functionality (written in C or C++)            
according to a model of the target platform and of how the application             
functionality   is   mapped   on   such   platform 

License Open   Source   for   research   and   development 

Documentation 
Resources 

http://www.teisa.unican.es/vippe/index.php/documentation/  

Source   Code http://www.teisa.unican.es/vippe/index.php/downloads/  

Maturity Research   prototype 

Contact posadash@teisa.unican.es 

  

Overview 

VIPPE is a tool infrastructure for simulation and performance estimation of complex,            
heterogeneous MPSoC. VIPPE allows the designer to simulate and application composed of different             
pieces of functionality (written in C or C++) according to a model of the target platform and of how the                    
application   functionality   is   mapped   on   such   platform. 

 

Figure   9.   VIPPE   enables   fast   functional   and   performance   assessment   of   the   application 
targeted   to   a   specific   platform. 

Main VIPPE infrastructure consists of specific compiling utilities (e.g. vippe-gcc) which enable an             
automated and accurate annotation of the code, and a library with the simulation kernel, an RTOS                
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model and APIs for supporting different communication middlewares (e.g. POSIX, OpenMP). With this,             
an   executable   performance   model   is   generated. 

The simulation of this performance model enables to validate the functionality. Therefore, VIPPE             
fits in the SW development phase. VIPPE allows an early validation of the functionality, where the user                 
detects   functional   bugs   in   the   source   code   of   the   application   and   fix   them   (left   arrow   in   Fig.   9). 

Moreover, the simulation also provides a rich set of metrics related to time, resources usage,                
energy and consumption. This enables a distinctive role for VIPPE in enabling the user to realise                
performance bottlenecks (right arrow in Fig. 9) and to identify at an early stage (before the actual                 
development/buy of the platform, and development of the code) where such bottlenecks are originated              
(for instance, because an internal bus congestion, cache misses, peripheral access). Thus, VIPPE can              
be used for different purposes depending on the project scope, e.g. for defining the architecture of the                 
HW platform (on a SoC design project), selecting the target SoC (when building a platform VIPPE 2.x                 
6 with standard parts) or for optimising the code (for instance, by improving data handling to reduce                 
cache misses). VIPPE does not perform automatic optimisations but provides the analysis data to help               
the   designer   to   make   those   optimizations. 

A remarkable feature of VIPPE is its simulation speed. VIPPE is capable to provide simulation                
speeds far beyond instruction set simulator (ISS), and yet better that competitive simulation             
technologies like binary translation (Qemu, Coremu, QBox) and even than precedent native estimate             
frameworks   (SCoPE). 
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A.7. eSSYn 

Summary   Sheet 

Short   Description eSSYN is a software synthesis tool for embedded systems. With eSSYN, and            
starting from a standard based application and platform model, embedded          
system designers can generate a complete set of target binaries for an            
embedded application in a matter of minutes. The tool will significantly shorten            
development   time   and   allow   for   future   reuse. 

License Open   Source   for   research   and   development 

Documentation 
Resources 

http://essyn.com/portfolio/  

Source   Code http://essyn.com/portfolio/  

Maturity Research   prototype 

Contact posadash@teisa.unican.es 

  

Overview 

eSSYN is a software synthesis tool for embedded systems. With eSSYN, and starting from a               
standard based application and platform model, embedded system designers can generate a            
complete set of target binaries for an embedded application in a matter of minutes. The tool will                 
significantly   shorten   development   time   and   allow   for   future   reuse. 

In   order   to   use   eSSYN   (Figure   10),   system   designers   need   to   provide: 

● A software component based model of the application. As part of this model designers need to                
provide   functional   code   (C/C++)   for   the   components. 

● A model for the hardware platform that specifies the available resources (mainly number and              
type   of   cores   and   operating   systems). 

● Mapping   of   software   components   and   cores. 

eSSYN   will   generate: 

● All required code and system calls implementing communications among software          
components. 

● All   required   Makefiles   for   compilation. 

● After compilation (from eSSYN environment) as many executable files as specified for the             
required   cores   and   OS,   ready   to   upload   to   the   HW   platform. 

eSSYN provides a model generation wizard that makes first time model creation for a system               
painless, avoiding the need to learn the underlying modelling standard UML/MARTE. eSSYN has been              
developed as a plug-in for Eclipse+Papyrus. The GUI you will find will be the standard ECLIPSE with                 
Papyrus   menu   and   a   dedicated   eSSYN   tab   (shown   as   PHARAON). 

 

 

Page   84    of   84   

http://essyn.com/portfolio/
http://essyn.com/portfolio/


 

 

Figure   10.   Overview   of   eSSYN   diagram 
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A.8. Marte2Mast 

Summary   Sheet 

Short   Description Marte2Mast is a tool that enables the extraction of schedulability analysis           
models created with a UML tool and their direct analysis using MAST . The             30

modelling methodology is similar to UML-MAST but the modelling constructs          31

are   those   defined   in   the   MARTE   standard. 

License GPL   v2   license. 

Documentation 
Resources 

http://mast.unican.es/umlmast/marte2mast/  

Source   Code http://mast.unican.es/umlmast/marte2mast/#downloads  

Maturity Research   prototype 

Contact julio.medina@unican.es 
 

Overview 

Marte2Mast is a tool that enables the extraction of schedulability analysis models created with a               
UML tool and their direct analysis using MAST. The modelling methodology is similar to UML-MAST               
but   the   modelling   constructs   are   those   defined   in   the   MARTE   standard. 

This effort is delivered as an Eclipse plugin, and has been implemented using the Eclipse               
technologies provided by Papyrus UML as graphical tool, the UML2 plugin as model repository, and               
the Acceleo plugin for the extraction of text from the UML2 models plus a significant amount of Java                  
custom   code. 

As previously stated, Marte2Mast's main goal is to generate a MAST text model from a               
UML-MARTE schedulability analysis input model, but it has been extended to, if the user chooses so,                
invoke MAST to analyse the generated model and create a new version of the original UML model                 
updated   with   the   output   data   from   MAST. 

  

30    http://mast.unican.es/  
31    http://mast.unican.es/umlmast/  
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A.9. Xamber 

Summary   Sheet 

Short   Description Xamber is a graphical configuration tool adapted to assist the user through            
completion of the configuration of partitioned systems, and provides an          
interface   for   capturing   and   editing   the   elements   that   are   part   of   the   system.  

License Proprietary   License 

Documentation 
Resources 

http://www.fentiss.com/en/products/xamber.html  

Source   Code  

Maturity Research   prototype 

Contact info@fentiss.com 

Overview 

As far as the XtratuM hypervisor specification is well-known, the configuration XMLSchema defines             
the starting point to edit and generate the XtratuM configuration file which specifies a particular               
configuration   of   a   system   running   on   the   XtratuM   hypervisor.  

Editing the XtratuM configuration file as plain text is a complex task that is subject to errors and                  
inconsistencies due to interdependence of information and the editing process itself. The Xamber             
graphical configuration tool was developed to ease this tedious and laborious task. The significant              
advantage of using a graphical tool to generate the system configuration is that it eliminates the need                 
for xml code edition and abstracts any complexity that may exist within configurations of the elements                
of the system. As changes are made to these elements, the tool automatically generates the               
corresponding   XtratuM   configuration   file   code.  

A predecessor of Xamber was Xoncrete, a graphical tool for Unix-based systems to aid in the                
configuration   of   XtratuM   systems.  

Xamber is a graphical configuration tool adapted to assist the user through completion of the               
configuration of partitioned systems, and provides an interface for capturing and editing the elements              
that are part of the system. Xamber generates the configuration file needed by the hypervisor to                
execute the system. Although Xamber generates the file with the syntax of XtratuM, it manages an                
agnostic   data   model   and   it   is   easy   to   generate   the   configuration   file   for   other   hypervisors.  
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A.10. Modelio 

Summary   Sheet 

Short   Description Modelio is an open source modelling environment (UML2, BPMN2, MARTE,          
SysML, ...). Modelio delivers a broad-focused range of standards-based         
functionalities for software developers, analysts, designers, business architects        
and   system   architects. 

License Modelio   core   -   GPL   license 
Modelio   module   Runtime-   Apache   Public   License   (APL) 

Documentation 
Resources 

https://www.modelio.org/documentation-menu/quick-start-guide.html  
https://www.modelio.org/documentation-menu/user-manuals.html  
https://www.modelio.org/documentation-menu/tutorials.html  

Source   Code https://www.modelio.org/downloads/source-code.html  

Maturity Commercial   Tool 

Contact Andrey Sadovykh ( andrey.sadovykh@softeam.fr ), Etienne Brosse     
(etienne.brosse@softeam.fr) 

Overview 

Modelio (www.modelio.org)is an open source modelling environment (UML2, BPMN2, MARTE,          
SysML, ...). Modelio delivers a broad-focused range of standards-based functionalities for software            
developers, analysts, designers, business architects and system architects. Modelio is built around a             
central   repository. 

 

Figure   11.   Modeli   central   repository 

Around this repository, a set of modules is defined. Each module provides some specifics facilities; we                
can   classify   them   in   the   following   categories: 
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● Core: Modelio Modeller module is the only module belongs to this category. All other modules               
depend   on   this   central   element. 

● Scoping: this category is composed of Goals, Dictionary & Business Rules and Requirement             
Analyst   which   allow   specifying   high   level   business   models   for   any   IT   system. 

● Modelling: for example, SysML, MARTE and BPMN are included in this category. The             
modules belonging to this category are used to model different specific aspects of a system               
such   as   Business   Process,   component   architectures,   SOA   or   embedded   systems. 

● Code generators: such as C++ or JAVA. These modules allow users to generate and to               
reverse   the   code   in   different   programming   languages. 

● Utilities:   modules   allowing   transversal   utility   facilities   like   teamwork   module   or   XMI. 

This architecture allows Modelio to be flexible and to be configurable simply by adding the Modelio                
modules. Thus users can dynamically change their configuration at any time simply by changing their               
choice of modules in the same repository. The Modelio functionalities depend on the user's modules               
choice. It this section we will highlight three functional sets which seem to be the most relevant in the                   
MADES   context.   These   functional   sets   are   the   following: 

● XMI export/import: The XMI module is the provider of this XMI import/export functionality. This              
later allows Modelio to exchange models, in XMI format, with external modeller such as              
Enterprise Architect, Artisan Studio, Topcased. SOFTEAM actively participates in the OMG           
Model Interchange Working Group at OMG. Thanks to that, Modelio can exchange XMI             
models   with   a   wide   range   of   modellers   including   Papyrus. 

● MARTE models design: MARTE is an OMG standard for modelling embedded and real time              
system. The Modelio MARTE Designer project provides dedicated MARTE editors to assist            
users   in   the   modelling   of   embedded   system. 

● Generation: Modelio have powerful code generation and reverse engineering modules for           
Java, C# and C++ language. Moreover, it able to generate documentation in several formats              
(e.g.,   HTML   or   OpenXML)   which   will   be   store   in   the   Component   repository. 
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A.11. CHESS 

Summary   Sheet 

Short   Description CHESS is an open source modelling environment based on CHESSML, i.e. a            
model driven methodology, implemented as UML, MARTE and SysML profile          
that support design, verification and implementation of real time critical systems.           
It support the  dependability analysis, like state based analysis and failure           
propagation   analysis,   the   schedulability   analysis,   the   timing   analysis. 

License GPL   license 

Documentation 
Resources 

https://www.polarsys.org/chess/  

Source   Code https://www.polarsys.org/chess/download.html  

Maturity Open   Source   Tool 

Contact Pierluigi   Pierini   (pierluigi.pierini@intecs.it),   Stefano   Puri   (stefano.puri@intecs.it) 

Overview 

CHESS is a model driven methodology for the design, verification and implementation of critical              
software system. CHESS comes with its own component model and modelling language, the latter              
implemented as UML, MARTE and SysML profile and called CHESSML. Both the methodology and              
CHESSML can be put in practice by using the supporting toolset implemented on top of Eclipse                
Papyrus   UML   editor   and   made   available   as   Eclipse   open   source   Polarsys   project . 32

The CHESS methodology relies on the CHESS Component Model which is built around the              
concepts of components, containers and connectors. It supports the separation of concerns principle,             
strictly   separating   the   functional   aspects   of   a   component   from   the   non-functional   ones. 

According to the CHESS Component Model, a component represents a purely functional unit,             
whereas the non-functional aspects are in charge of the component’s infrastructure and delegated to              
the   container,   and   connectors   are   responsible   for   the   communication   between   containers. 

From the interaction perspective, components are considered as black boxes that only expose their              
provided and required interfaces. Non-functional attributes are specified by decorating the           
component’s interfaces with non-functional properties related for instance to real-time concerns (e.g. a             
real-time   activation   pattern   for   an   operation). 

The declarative specification of non-functional attributes of a component, together with its            
communication concerns, is used in CHESS for the automated generation of the containers and              
connectors   that   embody   the   system’s   infrastructure. 

The CHESSML Dependability profile is used to enrich functional models of the system with              
information regarding its behaviour with respect to faults and failures, thus allowing properties like              
reliability,   availability,   and   safety   to   be   documented   and   analysed. 

32    https://www.polarsys.org/chess/  
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Moreover, CHESSML, by reusing and extending the MARTE UML profile, provides capabilities to             
specify   timing   related   constraints   on   top   of   the   component   interfaces. 

By using the CHESS methodology, modelling language and supporting toolset the modelled            
software system can be validated by applying specialised state-of-the-art schedulability analysis and            
dependability analysis, like state based analysis and failure propagation analysis. Such analysis            
results can then be used as artefacts for the qualification of the components and the overall system.                 
Finally,   code   can   be   automatically   generated   for   the   designed   and   validated   component   architecture. 

Consistent with the principles of component-based software engineering, the CHESS component           
model is hence characterized by the definition of “strong interfaces” that are the basis for structural                
composability,   and   precursors   of   contracts. 

Indeed, in the direction to further support qualification and then certification of components,             
CHESSML has been extended to support the modelling of contracts, as addressed by the SafeCer               
generic component model. A dedicated profile for contract has been implemented of top of CHESSML.               
Then integration with the OCRA tool has been developed to support formal validation of contract               
refinement   on   top   of   the   CHESS   model. 

CONCERTO ARTEMIS JU project recently extended CHESS methodology, component model and           
toolset, aiming at the development of support technology for the use of model-based engineering              
artefacts and solutions for the end-to-end development process of critical real-time software systems             
that   target   multicore   processors. 

The CHESS tool environment is completed by a set of model to model (e.g. XMI, AUTOSAR                
model) and model to text transformations, supporting validation and code generation toward multiple             
language   targets   (ADA,   C). 
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