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Objectives

Models always played an important role in system and software development, e.g., they were used to
capture database-schemas, domain knowledge and requirements. Nowadays they become more important and act as a core concept in many areas of system engineering. Model-driven development is an
emerging approach, especially in safety-critical system development, where models are used in several
phases of the development process, e.g. during the requirement analysis, system design, implementation and also testing.
Starting with the Model Driven Architecture (MDA) [Obj01] issued by the Object Management
Group (OMG), model-based technologies became essential technologies of software engineering. General purpose modeling languages like UML [OMG11] and SysML [Obj12] are used in different life cycle
phases, although they are characterized by the lack of precise semantics. The domain-specific modeling
languages are increasingly preferred, because these provide better focus on the target domain and also
provide better tool-support and flexible integration opportunities. One of the main achievements of
this approach is that it is more simple to capture the domain knowledge and the domain expert can be
more easily involved in the system development.

1.1

Challenges in new application domains

This dissertation focuses on new and emerging application domains, which present several new challenges for the language engineering, as well as for the model manipulation, generation, validation and
query activities.
The presented application domains belong to different industrial applications. Their challenges can
be traced back to a common background, namely, domain specific modeling (DSM) that raises similar
questions in these domains: (1) how can domain experts with limited IT and modeling skills capture
the domain knowledge in order to support the solution of domain-related problems, and (2) how can
domain-specific models be generated and validated in the development process.
1.1.1

Context-aware autonomous systems

Nowadays context-aware mobile and autonomous systems (AS) are wide-spread in different areas, like
transportation systems (e.g., laser guided forklifts), military systems (e.g., unmanned aerial vehicles) or
in the household (e.g., autonomous vacuum cleaners). This application domain was addressed in the R3COP research project [R3C11] that aimed to support the development of robust and safe, autonomous
and co-operative robotic systems.
A formal definition of autonomous systems (agents) [FG96] can be given in the following way: An
autonomous agent is a system situated within and a part of an environment that senses that environment
and acts on it, over time, in pursuit of its own agenda and so as to effect what it senses in the future. So
an autonomous system is a system that makes and executes a decision to achieve a goal without full,
direct human control [Con+06]. The reference architecture is shown in Figure 1. This set up is very
similar to the arrangement that authors use in [RN03], when defining the connection between an agent
and its context.
The agent program utilizes an internal representation of the context, that stores the knowledge of
the agent about its environment. This representation should describe all the context objects and events
that are relevant to the behaviour (control algorithms) of the agent.
Testing is an essential step of all software development processes. Testing such autonomous agents
is a challenging and complex task, because of the context-aware behaviour and the large number of
potential environment configurations (context).
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Figure 1: Architecture of an autonomous agent.

Writing test cases is labor-intensive and time consuming, thus facilitation or automation of the test
data generation process is desired. The main challenge in test data generation is to avoid ad-hoc testing
and to support systematic test case generation using measurable coverage metrics.
In order to support the testing of autonomous agents, contexts should be generated in which the
mission of the agent can be executed and evaluated. These contexts can be represented as models
and can be created using model generation techniques based on domain-specific information: namely,
the metamodel that describes the elements of a context and different well-formedness and semantic
constraints that add restrictions to the models based on the domain knowledge.
The test contexts include the static configuration of the environment and may also represent dynamic changes, cooperating partners and humans, as well as explicit messages and commands from
them. In such generated test contexts, the context-aware behaviour of an AS can be analyzed against
functional, safety and robustness requirements.
In this testing approach the black-box testing of autonomous agents is supported, where the environment (and the perception of the AS) can be simulated and the test verdict can be constructed based
on the test traces captured in the simulation output.
The challenges in this approach are (1) how to support the domain expert in capturing the necessary
domain knowledge in a formal model and (2) how to provide efficient context model generation methods
to satisfy various test data generation strategies and coverage criteria.
1.1.2

Development processes of safety-critical software

Our everyday life depends on software to a considerable extent, this way the reduction of the risks of
design and implementation failures is of utmost importance.
To reduce the risks of residual software design failures, the software development processes are
more and more subject to regulations fixed in (domain-specific) standards that define criteria for the
selection of proper techniques and measures. Accordingly, if software is deployed in a critical environment then an independent assessment is needed to certify that its development process is compliant to
the criteria stated in the related standard.
Applying formal modeling techniques could improve the process assessment. This requires the
representation of the domain-specific standard, where a formal model can be constructed by capturing
the concepts, their relations and any additional requirements based on the (mainly textual) standard.
The challenge in this process certification lies in that the domain-specific standard-based requirements should be formalized using a domain-specific language and a formal validation method should be
constructed based on the collected knowledge. This application domain was addressed in the CECRIS
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EU FP7 project [CEC13] that aims to provide methodologies to improve the development, verification,
validation and certification of critical systems.

1.2

Summarizing the new challenges

In summary, I identified the following open research questions that motivated my work and by identifying the underlying (more generic) challenges lead to the scientific results presented in the dissertation.
Challenge 1: High-level definition and validation of domain-specific languages How domainspecific languages can be defined in a high-level and user-friendly way, and how the language design
can be validated for consistency? To address this challenge, the use of ontologies for capturing the domain knowledge and ontology related tools for the early validation of the language design is a promising
approach.
Challenge 2: Context model generation for testing autonomous systems. How can the testing
of autonomous agents, operating in a dynamic, frequently changing environment, be supported by the
generation of test context models? The generation of models shall be based on the context (meta)model,
domain constraints, and model coverage metrics representing the testing strategy.
Challenge 3: Model validation for standard-based assessment of development processes. How
can the different requirements specified in various standards for safety-critical development processes
be formalized, and how can these formalized requirements be checked to assess the standard compliance of development processes? When the development process is represented as a process model (that
is commonly used in case of software development processes) then the formalized requirements can be
checked by model validation in the form of model queries, making it possible to identify compliance
problems and potential optimizations in the process model.
The generic challenges (i.e., that are independent of the mentioned applications) behind these research questions are related to domain-specific language engineering and domain-specific modeling.
Namely, the following generic challenges can be identified:
1. Ontology based design and validation of a domain specific language and the related constraints,
2. Generation of instance models on the basis of metamodels, model metrics and constraints,
3. Validation of models on the basis of requirements represented as model queries.
The technologies proposed in the dissertation offer solutions to the specific research questions of
these application domains as well as to similar questions in other domains.
The research questions emerged in the discussed application domains and the related generic challenges addressed in the dissertation are summarized in Table 1.

1.3

State of the art

The above presented research questions have a common background: model-based techniques are required to capture the domain-specific knowledge and – based on the constructed models – model validation and model generation techniques are needed.
There are several approaches in the model-driven development community to use ontologies to
design domain-specific languages and to apply model-based testing, however, they need to be adapted
or extended to suit the needs of these new application domains. In the following I summarize the state
of the art in this area to provide the context of my work.
4

Zoltán Szatmári

PhD thesis booklet

Application domain
Capturing domain
knowledge

Specific research question
Designing domain specific
languages with early detection of flaws by validation of
the language

Testing context aware
behavior of autonomous
systems

Constructing test context
models to check the safety
and robustness of the behaviour of autonomous
systems
Checking models of development processes on the basis of requirements derived
from standards

Assessing the
development processes
of safety-critical software

Generic challenge
Deriving domain specific
languages from ontology
specifications and application of ontology reasoners
for validation
Model generation on the basis of metamodel, domain
constraints, and model metrics
Model validation based on
model queries and concept
matching

Table 1: Application domains, research questions and the related generic challenges
1.3.1

Domain-specific language engineering

DSLs were successfully applied in many areas, because of their flexibility and tool support. Domainspecific language engineering is the process, when a new DSL is constructed optionally reusing an
existing one or starting from scratch.
The specification of complex DSLs necessitates a combination of different techniques. The abstract
syntax of the DSL is usually captured by a metamodel, which can be augmented with well-formedness constraints, which capture additional restrictions that need to be respected by any well-formed
instance model. Such constraints can be defined by model queries, graph patterns (special type of model
queries) [Ber+11] or as invariants expressed in the Object Constraint Language (OCL). Domain specific
requirements are usually captured using constraints and the requirement can be checked on an instance
model by executing a model validation.
Capturing the requirements and domain concepts is one of the most important phase of modeldriven development and DSL engineering. Based on the modeling language and requirement description, analysis, code generation and also model-based test data generation can be performed. Constructing a good modeling language is becoming less and less difficult, since domain-specific language
engineering appears part of the industrial routine, but it still requires special IT technology and modeling skills. One of the addressed challenges of this dissertation is to support language engineering with
a high-level approach, using ontologies and related tools for constructing and validating a domainspecific language.
On a lower, technology level, the Eclipse Modeling Framework (EMF) [EMF14] became a leading
DSL technology and a de facto standard in the model-driven community. EMF provides a class diagram
like structural description language for constructing a metamodel with sophisticated tool support for
editing and model manipulation. Similarly, instance models can be created and manipulated with easy
to use graphical editors (that are built on GMF, GEF or Graphiti) or textual editors (with Imp, Xtext,
EMFText [EMF14]). Constraints can be captured using OCL or graph pattern language, which can be
continuously evaluated during model manipulation, and errors can be displayed by marking inconsistent elements.
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Ontology-based domain modeling

Ontologies using popular languages like OWL2 [OWL09] or SWRL [Gli+09] are able to capture domain
knowledge in a very early phase of the design in a precise way. Ontologies provide a natural formalism
for sketching the concepts of a domain or system and capturing additional constraints on a high level
of abstraction. They can be written in several concrete textual syntaxes, including the machine processable RDF/XML (close to metamodel functional syntax) and the human-friendly Manchester syntax.
Even controlled natural language representations are developed like the Attempto Controlled English,
or the FluentEditor for OWL, which can help in language description or knowledge documentation.
Ideas can be formalized incrementally as they come thanks to the open world assumption of ontologies.
Distributed design is also supported, as unification and consistency check can be performed automatically with the help of reasoners.
I believe, that the ontology-based and metamodel-based domain-specific modeling approaches are
both useful, but provide advantages in different phases of the language engineering. Ontologies provide high-level means for capturing the concepts and related constraints of systems and domains with
precise semantics and automated meta-level reasoning techniques to identify specification flaws early
in the design even if certain parts are underspecified. Metamodel based domain-specific modeling environments effectively support domain engineers in designing the system by providing efficient means
for instance-level validation of well-formedness constraints.
Ontology reasoners are optimized for concept-level (i.e., meta-level) validation (like Pellet [Cla14]
or RacerPro [Rac12]): they can detect inconsistent specifications and classifications in an early phase of
design based upon the precise semantic foundations of ontologies. In contrary, when using metamodel
based domain-specific techniques with OCL constraints, there is no support for detecting the inconsistencies in the defined metamodel and OCL statements and thus it is possible to create a language that
is “unsatisfiable”, i.e., no valid model can be constructed.
Metamodel based domain-specific language engineering frameworks and tools are tailored to the
needs of domain engineers, thus increasing their productivity by offering functionally rich programming environments. DSM tools can be efficiently used by domain engineers for the detailed design of
the system and for model manipulation. Efficient instance-level validators (like Eclipse OCL or EMFIncQuery [Ber+10]) can be applied that can quickly detect violations of design rules or constraints on
the instance-level. These DSM tools also support the development of domain-specific applications, like
model-based test data generators.
Discovering and exploiting the synergies between ontologies (of semantic web engineering) and
metamodels of domain-specific language engineering has become a hot research topic in recent years
[Hil11; WSS09; ROD10]. There are approaches [Wal+10; WSR10; WSS09] that deal with domain specification based on description logic, other approaches [SSW09; Tao+10] present instance model validation
support and another ones propose a mapping between the OWL ontology and EMF-based representation, but only for the metamodel. However, there is no support (1) for mapping well-formedness
rules, that are not expressible by metamodels, (2) for mapping and evaluating SWRL rules and (3) for
systematic benchmarking that covers the instance model validation implementations.

2

Research method and new results

The starting point of my work was the question: how to exploit the advantages of ontologies in system
and software development?
In order to provide support for language engineering, I analyzed the application conditions of
ontology-based models and the classical domain-specific languages used in the model-based development processes. I identified the key advantages / disadvantages and proposed a mapping from the
ontology-based languages to domain-specific languages.
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Afterwards, I focused on the construction of metamodels and on model manipulation, generation,
validation and query techniques.
Finally, I adapted the ontology- and model-based technologies to the presented new challenges.
As an application of these modeling technologies a new context modeling and test data generation
approach for autonomous agents and a new process assessment method were developed.
Figure 2 gives an overview on how my research results are related to each other. The first thesis
about domain specific language engineering deals with the common theoretical background, and the
related methods and techniques. The other two theses address the problems appeared in the two discussed application domains (process model assessment and test data generation) through the solution
of the related generic challenges (namely, model validation and model generation).

Figure 2: Overview of the research results
The structure of each thesis is depicted in Figure 3. First I present the motivation, then I provide
the methodology to address the identified challenges. Based on the provided methodology I propose
specific technical solutions and finally I show the application of my results in a case study.

Figure 3: Overview of the structure of each thesis
The rest of the section summarizes the new scientific results of the dissertation.

2.1

Deriving domain-specific languages from ontology-based specifications

I believe that the combined use of ontologies (where domain knowledge is captured in textual ontology
languages like OWL2/SWRL) and DSM techniques will drive the development of DSM frameworks (i.e.,
domain specific-languages and the supporting tools for model manipulation, generation and validation).
This thesis focuses on the domain specific language engineering and presents an approach how DSLs
can be designed using ontologies.
Motivation The presented challenges of the application domains have a common background: domain specific languages are required to capture the domain specific knowledge, and these domainspecific languages and the constructed models need to be validated.
Accordingly, the overall goal of this research was to develop a domain-specific modeling framework, with the integration of OWL/SWRL and EMF based tools to combine the advantages of the two
approaches. More specifically, to show that (1) domain specific language engineering can be efficiently
supported by semantic web technologies, and (2) certain instance-level validation tasks can be executed
on the domain-specific model by incremental model queries, especially when the underlying domain
knowledge is changing or evolving.
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Methodology The main contribution of this thesis is a method for deriving EMF based DSM languages from ontologies that describe the domain. First, I analyzed the commonalities and differences
of the two modeling approaches and afterwards I presented the mapping of ontology based modeling
structures to EMF-based domain-specific modeling artifacts by extending an existing ontology to eCore
[EMF14] mapping [ROD10].
Formulating textual domain requirement specifications in ontology is described in related papers
[DHK07] [DLS05]. This model capturing process requires fewer modeling and IT skills from the domain
expert, since the domain knowledge (concepts and requirements) is captured using ontologies instead
of strict metamodeling technologies. Based on the ontology-based representation the structures can
be checked for consistency and then mapped to EMF-based domain-specific modeling artifacts. This
allows the domain engineer to formulate and efficiently check consistency of requirements in an early
design phase.
Technology On the technology level OWL2 and SWRL descriptions are used to capture high-level
knowledge of a domain and Eclipse-based tools (e.g., EMF-IncQuery) are used for the DSL language
development. The OWL2 and its extension, the SWRL language are used together to capture domain
knowledge, while EMF-based technologies have better tool support for model manipulation. The proposed mapping is implemented as a transformation in the VIATRA2 framework [VB07].
Since the expressive power of these source and target languages of the transformation are not equal,
the mapping consists of three steps. First, a part of the OWL2 ontology is mapped into metamodels
in the industry-standard EMF platform, which provides the basic metamodel structure. Afterwards
the remaining, complex OWL2 axioms are mapped into a textual graph pattern language (IQPL the
IncQuery Pattern Language [Ber+11]) efficiently evaluated by the EMF-IncQuery incremental model
query framework. Finally, the additional SWRL rules are also mapped into graph patterns.
Graph patterns as the target constraint description formalism was chosen (instead of OCL) since
both SWRL and IQPL are graph pattern based languages, thus there was a smaller semantic gap between
the two languages.
The conceptual and technological overview of the entire transformation is provided in Figure 4.
Specification
Platform
(source)

• Formulate textual requirements
with Protégé
• Check meta-level consistency
with Pellet

OWL2, SWRL

Transformation
with VIATRA2
Design
Platform
(target)

EMF metamodel,
IQPL

• Build and modify instance
model with DSM editors
• Validate instance model
efficiently with EMF-IncQuery

«conforms to»
EMF instance
model

Figure 4: The ontology to domain-specific platform transformation process
The solution distinguishes the specification and the design platform.
• As the specification platform, it is required that domain engineers capture domain-specific knowledge and requirements using the SWRL extended OWL2 ontology language. In this phase ontology can be edited with Protégé [Bio14] and reasoners (like Pellet [Sir+07]) can be used for
consistency checking.
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• To form the design platform, the proposed model transformation automatically derives the EMF
metamodel for the basic structures. From complex constraints which cannot be expressed directly
in the EMF metamodel IQPL graph patterns [Ber+11] are generated.
Application I present an adaptation of a model validation benchmark to highlight and measure the
main differences in model validation between the ontology-based tools and EMF metamodel based
domain-specific modeling technologies. The benchmark helps the domain engineer to select an efficient
representation and tooling for the validation of domain-specific models.
Benchmarks related to domain-specific modeling tools were already presented in [VSV05], where
the performance of different model transformation tools were analyzed. Our research group focused
on the incremental pattern matching approaches and a benchmark for different incremental and non
incremental pattern matching algorithms were presented in [Ber+08]. Afterwards an incremental
model query benchmark was proposed in [Ber+10] that implements the on-the-fly validation usecase for domain-specific models. Based on the typical usage scenarios of common DSLs, the benchmark addresses the on-the-fly model validation by checking well-formedness constraints during userperformed editing steps: at first, the entire model is validated, and after then each model manipulation
step (e.g., deletion of a reference) is followed by an immediate re-validation.
Since I proposed a mathematically precise mapping between the ontology-based and EMF-based
language definition formalisms, it was also possible to perform a comparison using benchmarks on the
different model validation implementations. Based on the previous incremental model query benchmarking approach I extended the benchmark framework with the possibility to compare model validation technologies on different model representations. Additionally, I implemented the support for
comparing the model-validation performance of several ontology-based (ABox reasoners) and EMFbased tools. Moreover, I introduced a new synthetic domain (called “railway domain”) with the related
workload profile (queries and modifications), that supports the on-the-fly validation use-case.
Based on this extension of the domain-specific benchmarking framework the efficiency of available
validation tools for various modeling formalisms can be examined using model queries with parametrized
complexity.
Thesis 1 I defined the mapping from ontology based specification of domain concepts and constraints
to domain specific metamodel and the corresponding graph-pattern based constraint description language. Using this mapping the design of domain-specific languages is effectively supported by the
high-level ontology based representation of the domain knowledge.
1. Mapping requirements formalized using OWL and SWRL to graph patterns
As an extension of an existing ontology to metamodel mapping, I defined a mapping from complex OWL-based requirements that cannot be mapped to the metamodel formalism (like class
definitions given using complex statements) to graph patterns. Additionally, I defined a mapping
from SWRL-based rules (that extend the ontology models) to graph patterns. The constructed
graph patterns can be evaluated on instance models.
2. Adaptation of the parametrized domain-specific benchmarking framework
I developed a new synthetic benchmark target (domain metamodel and domain constraints) and
adapted the implementation of the domain-specific model validation benchmark to support this
new benchmark target. I extended the benchmark framework by parameterized model queries
which enable to compare the scalability of model query technologies with increasing query complexity. I implemented the queries for comparing ontology-based tools.
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The work underlying Thesis 1 benefited from joint research with Benedek Izsó from our research
group. My research results are (1) the definition of the mapping from OWL and SWRL description to
the metamodel and GP formalism, (2) the definition of the new benchmark target and (3) the adaptation
of the benchmark framework to the ontology-based tools.
Benedek Izsó’s results are related to the proposed benchmark extension: he implemented the measurement framework, integrated the graph database implementations and he executed and analyzed
the measurement results.
Gábor Szárnyas continued this research topic and he adapted the proposed benchmark framework
to distributed environments, provided implementation for distributed graph databases and EMF-based
tools (e.g. IncQuery-D [Szá+14]) and also provided model metrics similar to the proposed graph query
metrics [Szá+16].
The results of Thesis 1 are presented in Chapter 2 of the dissertation. Related publications are the
following: [1], [6], [9], [10].

2.2

Model-generation method for metamodel-based test data generation

In this thesis a model generation method is presented that is applied for the test data generation for
autonomous agents (e.g., autonomous robots).
Motivation My motivation is to provide a test data generation method to support the testing of the
safety and robustness aspects of the context-aware behaviour of an autonomous agent. The goal of
testing is the checking of the behaviour in case of various configurations of the environment (context).
These contexts can be built up based on the combination and extension of the simple context descriptions included in the functional and safety requirements of the agent, while the coverage of the different
context object types can be taken into account. Test contexts can be represented using instance models that are generated based on the context metamodel and testing goals. Moreover, properly setting
the parameters (e.g., attributes or number of objects or relations) of such contexts they can be used as
extreme contexts for robustness testing. The systematic generation of such contexts requires context
modeling and model instance generation.
Methodology I propose an ontology based construction of the context metamodel, where the hierarchy and relations of the elements (objects and changes) in the environment can be precisely formulated.
This context metamodel is directly utilized when defining and computing context coverage as an important coverage metric during testing.
The context metamodel may include abstract elements (concepts and relations), which approach
supports the equivalence class based testing method, i.e., abstract concepts and relations are used to
represent (from testing point of view) an equivalence class of concrete concepts and attributes. Allowing such abstract relations, values and classes provides the opportunity to the test engineer to define
the test requirements using these high level abstract concepts instead of concrete values. Namely, during the context modelling and test specification phase, equivalence classes can be defined based on
different attribute values (e.g., instead of concrete distance values a near and far abstract relations can
be introduced). Moreover, on the basis of the context metamodel, well-formedness and semantic constraints can be expressed that are included in the functional specification and generally characterize
the domain (determining the valid context configurations, e.g., the arrangement of objects or timing of
changes) in the form of model patterns.
Model based test data generation [8] can be executed based on the context metamodel and various
testing strategies, where a generated test data represents a context where the AS is to be tested.
According to the different testing strategies, different constraints can be constructed forming this
way a constraint set that should be satisfied by the generated test data. This constraint-based test data
10
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(i.e., context model) generation can be interpreted as a constraint satisfaction problem and accordingly
I propose a constraint solver based solution for test data generation.
The test data generation process is split into two phases that was motivated by the selected test
strategies and also by the problem complexity and solution efficiency. In the first phase, the process
takes care of the structural requirements of the test data (i.e., selection of the types and relations of context objects), but does not resolve the abstract relations and does not deal with the concrete attribute
values. The constructed test data with abstract elements is not directly applicable for testing in simulators or in real environments, where concrete values are needed to specify the context of the autonomous
agent. In the second phase, the abstractions are resolved and the previously undefined attribute values
are calculated based on the remaining (e.g., semantic) constraints and the testing strategy.
In summary, I propose a test data generation methodology that includes a mapping from the test
data generation problem to a constraint satisfaction problem. Based on this constraint satisfaction
problem, a constraint solver can be executed, its output can be interpreted in the specified context and
test data can be constructed in the form of instance models.
Technology On the technology level I selected the Satisfiability Modulo Theories (SMT) as a language for constraint satisfaction problems and EMF-based technologies for the model manipulation
and generation tasks. Based on the proposed mapping a transformation is developed that transforms
the test data generation problem into an SMT problem. This approach is implemented in a test data
generation framework based on the Eclipse platform.
Application As an application use case I present how the proposed test data generation methodology
can be applied in case of testing laser guided vehicles (an use case for test data generation included in
the R3-COP research project [R3C11]). I present experiments in generating test data for safety and
robustness testing and provide details about the scalability and performance of the proposed test data
generation framework.
Thesis 2 Following a systematic method for testing the safety and robustness of the context-aware
behaviour of autonomous systems, I developed a modeling approach for describing the context, and
proposed model-based test context generation method in case of different testing strategies.
1. Constructing the context metamodel
I proposed a modeling approach for describing the context of context-aware autonomous agents
which includes the ontology-based construction of a metamodel, and the definition of syntactic
(well-formedness) and semantic constraints.
2. Definition of a constraint solver based test data generation framework
I proposed a constraint solver based model generation method for test data generation and for
this purpose I provided a two phased model generation process with feedback options based
on a mapping from the context (meta)model and the test data generation strategy to the SMT
problem. I implemented the method in a test data generation framework, validated it in case of
testing autonomous vehicles, and analyzed its scalability and performance.
The work underlying Thesis 2 benefited from joint research with János Oláh and Zoltán Micskei
from our research group. Based on the joint idea of applying model generation method for test data
generation, I proposed the ontology-based context modeling approach and developed the two phased
SMT-based test data generation method.
Oszkár Semeráth in his own research improved the test data generation framework by integrating
different constraint solver implementations, (e.g. Alloy [Jac02]).
11
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The results of Thesis 2 are presented in Chapter 3 of the dissertation. Related publications are the
following: [2], [8], [7] and [14].

2.3

Model validation method for checking the standard compliance of process models

This thesis focuses on the assessment and certification of the development (including design, implementation, verification and validation) processes of critical systems.
Motivation The motivation of this research is to support the assessment of development processes
and toolchains by elaborating a formal verification technique that allows the automated checking of the
compliance to the domain-specific standards. This assessment and certification is performed nowadays
manually, and thus an automated solution could improve the efficiency of this task.
Methodology The standards addressing the development processes for safety critical systems (e.g.,
IEC61508 and EN50128) require measures and techniques to be applied during the development process
depending on the safety integrity level of the application. Namely, for each development step the
mandatory (M), highly recommended (HR), recommended (R) and not recommended (NR) measures
and techniques are given in a tabular form, where each technique can be performed by concrete tools
or toolchains.
Based on the domain-specific language definition approach a formal representation of these requirements can be constructed by the domain expert. If a concrete development process is represented
by a process model, then model-based techniques could be used for checking the satisfaction of these
requirements, i.e., the standard compliance of the development process.
On the analogy of classical model checking (that is applied to examine whether a formal model of
behaviour satisfies some temporal requirements regarding state reachability) here it is checked whether
a process model satisfies the standard requirements regarding the selection of measures and techniques.
I proposed a methodology that provides an ontology-based validation of development processes.
Based on the (domain specific) standard the ontology of the methods and the requirements is constructed. The development process is modelled on the basis of the SPEM metamodel and this process
model is transformed to an ontology-based process description. Using these representations, the standard compliance of the development process can be checked using reasoner and query tools.
To implement this approach, first, I formalized the requirements in standards that concern the
selection of methods and tools, afterwards I defined (or adapted) modeling techniques to describe the
relation of methods (e.g., the hierarchy of the methods or required combination of them), the capabilities
of tools (or toolchains), and the construction of (domain-specific) development processes. Finally, I
elaborated techniques that check the compliance of concrete development processes (constructed by
process designers) to the requirements.
The formalization of the requirements and the model-based description of tools and methods open
a way to support also the synthesis of processes and toolchains that are compliant to the standard. The
process designer can be assisted by
• identifying missing methods and tools,
• proposing alternative solutions,
• offering a library of toolchain patterns,
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Technology On the technology level I defined and implemented the transformation between the
SPEM-based process models and ontology-based models. I constructed the validation framework based
on the Eclipse platform and ontology tools, which includes a reasoner (e.g,. Pellet) and model query
tools (e.g. SPARQL query tools).
Application I present how the proposed methodology is applied in case of the EN50128 standard for
software development in railway control systems. I present the constructed ontology of the methods
defined in the standard and show a validation of the model of a development process.
Thesis 3 I analyzed the requirements described in the standards for development and V&V processes
of safety critical systems (especially in IEC61508 and EN50128), and proposed an ontology-based approach to construct their formal representation. Based on this approach I prepared a framework for
checking the standard compliance of development processes.
1. Formulating the requirements included in the standard using ontologies
I developed an ontology-based approach to representing the requirements contained in the standards for the development and V&V processes. I proposed a method for verifying these requirements using ontology-based reasoners and query languages. The method offers constructive
feedback to reach the compliance with the standard and to support the tool selection. As a concrete study I formalized requirements for development processes in the railway area as contained
by the EN50128 standard.
2. Validating SPEM-based process models using ontology-based representation
I proposed a process validation approach on process models created using the industrially relevant SPEM metamodel. I constructed a model validation framework for checking the standard
compliance of these process models, which applies a mapping from SPEM-based process models
to ontology based representation.
The results of Thesis 3 are presented in Chapter 4 of the dissertation. Related publications are the
following: [3], [4], [5], [11], [12], [13] and 15.

3

Applications of the new scientific results

This section summarizes the practical applications of the results of the dissertation.

3.1

Systematically analysis of MDE Scalability

The benchmark framework (Thesis 1) was adapted, extended and used in the Mondo (Scalable Modeling
and Model Management on the Cloud) research project [MON15].
In collaboration with industrial and academic partners, the members of the research group defined
model and model-query metrics and analyzed the scalability aspects of the model-driven technologies
and tools using the proposed benchmark framework (the metamodel, queries and scenarios).

3.2

Test generation for autonomous agents

The context modeling approach (Thesis 2) was developed and applied in the R3-COP (Resilient Reasoning Robotic Co-operating Systems) research project [R3C11].
In collaboration with the industrial partners ontology-based context descriptions were constructed
and these were mapped to domain-specific languages using the method presented in Thesis 1. Based on
13
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the context metamodel, abstract test data (test context models) were generated. The abstract test data
were mapped to concrete test data using the method presented in Thesis 2.

3.3

Assessment of process models

The assessment of process models (Thesis 3) was first applied in the MOGENTES (Model-based Generation of Tests for Dependable Embedded Systems) EU FP7 research project [MOG08]. In this project, the
standard compliance of test generation and testing steps (and the supporting toolchains) was checked.
Furthermore, in the CECRIS (CErtification of CRItical Systems) research project [CEC13] a complex
process verification framework was developed in which the standard compliance of complete development processes of critical systems can be checked.
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