Report

on the Progress of the MuVeT project between January 2012 and December 2016

The MuVeT project aims to develop a modelling approach, focused on multi-scale systems, based
on a combination of membrane systems and X-machines. This strengthens both these formalisms, by
using their existing capabilities and their existing tools, and also by addressing (some of) their limitations
with regard to modelling complex multi-scale systems and phenomena. By considering several case
studies from different areas (biology, economics, engineering), the project develops domain-specific
high-level specification languages, based on membrane systems and X-machines, that enable complex
systems and multi-scale phenomena to be expressed in a natural manner. These languages are
accompanied by model checking and test generation techniques for such systems and phenomena,
which provide the necessary means for formally verifying and validating the obtained models.
Furthermore, all modelling, verification and testing methods emerging from the project are
accompanied by powerful simulators and a toolkit that integrates all these techniques. The expressive
power of the specification languages, the effectiveness of the verification and testing methods, as well

as the efficiency of the simulators is also proven on the aforementioned case studies.

Main results achieved

To achieve the above objectives, in the period January 2012 - December 2016, important achievements
in the following directions have been made:

e Carrying out investigations on using P systems and X-machines for modelling complex systems
through case studies in various fields.

e Development of case studies of qualitative and quantitative analysis based on P systems and
model checking tools.

e Definition of a new class of P systems (called kernel P systems or KP systems) and an associated
modelling language (called KP-lingua) that integrates in a natural way the main modelling
features of P systems, adding to them a mechanism for rule application from X-machines.

e Development of new testing techniques and tools for state-based formalisms (X-machines)

e Extension to P systems of the developed testing techniques.



e Development of an integrated methodology for modelling, simulation and formal verification for
the new kP systems language.

e Development of tools for automated verification of models created using KP-lingua language.

e Development of a powerful parallel simulator for P systems.

Each of the directions above will be reviewed in what follows, highlighting the major achievements.

1. Investigations on using P systems and X-machines for modelling complex systems through

case studies in various fields

These include: a hybrid approach based on differential evolution and tissue membrane systems for
solving constrained manufacturing parameter optimization problems [1]; the application of membrane
algorithms to broadcasting problems, which are regarded as NP-hard combinatorial optimization
problems [4]; realistic models of the Escherichia coli (E.coli) bacteria using X-machines and membrane
systems and the extraction and formal verification of properties [8]; studies of models from the
synchronization processes area in service orientate architecture [2]; the use of objects for a high level
programming with P systems [28].

2. Development of case studies of qualitative and quantitative analysis based on P systems
and model checking tools

The MuVeT team has made a significant contribution to the development of the Infobiotics Workbench
(IFW) tool suite, based on stochastic P systems, and its use for system analysis in many case studies. In
[34] and [35] we show how formal verification is used in system biology and synthetic biology through
gualitative and quantitative analysis in several case studies.

3. Kernel P systems (kP systems)

A new class of P systems, called kernel P systems (kP systems for short), that covers many features of
existing P systems successfully used in modelling, but also adds a rule control mechanism inspired from
X-machines, is defined and discussed in [22]. The expressive power of kP systems is studied in [3, 10,
18]. The paper [20] studies the link between kP systems and generalized communicating P systems. In
[37] it is shown that a kP systems with only rewriting rules can be simulated by communicating X-
machines and a FLAME implementation is also provided.



4. Development of new testing techniques and tools for state-based formalisms (X-machines)
and extensions to P systems

One of the main strengths of the X-machine model is its associated testing technique. This guarantees,
under well defined condition that all functional errors of the implementation under test are revealed.
The paper [12] presents JSXM, an X-machine based testing tool, developed by colleagues from the
University of Sheffield with support form the MuVeT team. The paper [6] proposes an approach that,
having a transition based model of a system, constructs an approximate automaton and a test suite for
the system. In parallel with theoretical methods for testing, heuristic methods, based on genetic
algorithms have also been developed [11].

5. Extension to P systems of the developed testing techniques

The paper [47] represents a significant advance on the issue of testing for implementations specified by
P systems with transformation and communicating rules. Using the X-machine framework and the
concept of cover automaton, it devises a testing approach for such systems, that, under well defined
conditions, it ensures that the implementation conforms to the specification. It also investigates the
issue of identifiability for P systems, that is an essential prerequisite for testing implementations based
on such specifications and establishes a fundamental set of properties for identifiable P systems.

6. Integrated methodology for modelling, simulation and formal verification for the kP system
language

The paper [24] illustrates the modelling power of kP systems by using a well-known NP-complete
problem, the 3-colouring (3-Col) problem. It also presents an integrated modelling, simulation, property
extraction and formal verification approach for P systems, illustrated by a tissue P system for the 3-Col
problem. This approach is continued in [26], producing the kpWorkbench integrated framework.

7. Development of tools for automated verification of models created using KP-lingua
language

kP systems are supported by a framework called kPWorkbench [26, 40], that integrates a set of tools for
the simulation and verification through model checking of kP systems. In [26], the SPIN model checker is
used for verification of properties of kP systems. KP Workbench also contains a native simulator for the
execution of kP system models. In [38] two extensions of KPWorkbench are presented: a formal
verification tool based on the NuSMV model checker and a large scale simulation environment using
FLAME (Flexible Large-Scale Agent Modelling Environment).



8. Development of a powerful parallel simulator for P systems

Besides the kpWorkbench framework and the other tools and plugins for extraction and formal

verification of KP/P systems mentioned above, we also report the development of a powerful parallel

simulator using Hadoop technology, exploiting the scalability offered by Map Reduce and Big Data [27].

This simulator is also used for test data generation. The evaluation on a benchmark of automatically

generated P systems confirm the scalability of this approach.
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