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Preface

This volume contains a collection of papers presented at CMC15, the 15" Inter-
national Conference on Membrane Computing, Prague, Czech Republic, during
208 to 224 August, 2014 (http://cmcl5.slu.cz/).

The CMC series was initiated by Gheorghe Paun as the Workshop on Multi-
set Processing in the year 2000. Then two workshops on Membrane Computing
were organized in Curtea de Arges, Romania, in 2001 and 2002. A selection of
papers from these three meetings was published as volumes 2235 and 2597 of the
Lecture Notes in Computer Science series, and as a special issue of Fundamenta
Informaticae (volume 49, numbers 1-3, 2002). The next six workshops were or-
ganized in Tarragona, Spain (in July 2003), Milan, Italy (in June 2004), Vienna,
Austria (in July 2005), Leiden, The Netherlands (in July 2006), Thessaloniki,
Greece (in June 2007), and Edinburgh, UK (in July 2008), with the proceedings
published in Lecture Notes in Computer Science as volumes 2933, 3365, 3850,
4361, 4860, and 5391, respectively. The 10*" workshop returned to Curtea de
Arges in August 2009 (LNCS volume 5957).

From the year 2010, the series of meetings on membrane computing con-
tinued as the Conference on Membrane Computing, held in Jena, Germany
(LNCS volume 6501), Fontainebleau, France (LNCS volume 7184), Budapest,
Hungary (LNCS volume 7762) and finally Chisinau, Moldova (LNCS volume
8340). Nowadays a Steering Committee takes care of the continuation of the
CMC series which is organized under the auspices of the European Molecular
Computing Consortium (EMCC). A regional version of CMC, the Asian Con-
ference on Membrane Computing, ACMC, started with 2012 edition in Wuhan,
China and continued with Chengdu, China (2013) and Coimbatore, India (2014).

CMCI15 is organized by the Institute of Computer Science of the Faculty of
Philosophy and Science, Silesian University in Opava, in collaboration with the
Action M Agency, Prague. A special session is dedicated to the memory of Prof.
Yurii Rogozhin, the head organizer of CMC14, a world-class mathematician and
computer scientist and, last but not least, a dear friend of many participants to
the CMC series.

The Program Committee of CMC15 invited lectures from Claudio Zandron
(Ttaly), Erzsébet Csuhaj-Varju (Hungary), Ludék Cienciala (Czech Republic),
Mario J. Pérez Jiménez (Spain), and Jifi Wiedermann (Czech Republic).

In addition to extended abstracts of the invited talks, this volume contains 22
papers of regular talks and two extended abstracts presented at the Conference.
Each paper was subject to at least two referee reports.

The editors warmly thank the Program Committee, the invited speakers, the
authors of the papers, the reviewers, and all the participants for their contribu-
tions to the success of CMC15.

August 2014 Marian Gheorghe
5 Petr Sosik
Sarka Vavreckova
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From P colonies to 2D P colonies and to
simulations of multiagent systems

Ludék Cienciala

Institute of Computer Science
and
Research Institute of the IT4Innovations Centre of Excellence,
Silesian University in Opava, Czech Republic
ludek.cienciala@fpf.slu.cz

Abstract

P colonies are a class of abstract computation devices based on one-membrane
agents acting in a shared environment. They belongs to a family of models
inspired by biology and biochemistry of cells called P systems introduced in [11]
by Gheorghe Paun in 2000.

Each agent is represented by a collection of objects embedded in a membrane
and by a set of programs for processing these objects. The number of objects
placed inside each agent is unchangeable and it is called the capacity of P colony.
The computational abilities in particular depend on the capacity of P colony, on
the number of agents and on the type of processing rules in the programs.

The rules used in programs are rewriting ¢ — b, communication ¢ < d or
checking r;/ry. Using rewriting rule agent evolves object a to object b. Both
objects have to be placed inside this agent. Using rewriting rule agent change
its state. If the communication rule ¢ <> d is applicable, the object ¢ must
be contained inside the agent and there is at least one copy of object d in
the environment. By aplying communication rule the object ¢ moves to the
environment and one object d comes to the agent. We can say, that agent took
information d from the environment and left information ¢ in the environment.
The checking rule is not really new type of rules but checking rule can be obtained
by putting together two rules of previous types. This provides a pair of rules and
the order determines a priority among them.

Computational power of such a kind of devices with or without using checking
rules has been a point of interest of lots of research papers (e.g. [4,8,7]) and it
was shown, that they are computationally complete.

The environment is a communication channel for agents and storage place for
objects. It plays strategic role in synchronization of works of single agents during
computation. The environment has become the most changing / extending part
of P colonies.

In the eco-P colonies ([3, 1]) the static environment was replaced by the evolv-
ing one using 0L-scheme. The input tape was add to P colony in the model called
Pcol automaton ([2]). The last model derived from P colony uses environment



resembling cellular automata and it is called 2D P colony ([5]). The environ-
ment is changed to a form of a 2D grid of square cells. The agents are located in
this grid and their view is limited to the cells that immediately surround them.
Based on the contents of these cells, the agents decide their future locations. This
formal model seems to be suitable for e.g. simulations of artificial and natural
multiagent systems.

In the presentation we describe the individual models, compare them from
different viewpoints and we outline the development of models from the original
model of P colonies to 2D P colonies.

Remark 1.

This work was partially supported by the European Regional Development Fund
in the IT4Innovations Centre of Excellence project (CZ.1.05/1.1.00/02.0070) and
by project OPVK no. CZ.1.07/2.2.00/28.0014.
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P systems:
A Formal Approach to Social Networks
(Abstract) *

Erzsébet Csuhaj-Varji', Marian Gheorghe? and Gyorgy Vaszil®

! Department of Algorithms and Their Applicationa, Faculty of Informatics
Eotvos Lordnd University, Pdzmdny Péter sétdny 1/c Budapest, Hungary
csuhaj@inf.elte.hu
2 Department of Computer Science, University of Sheffield
Regent Court, 211 Portobello, Sheffield S1 4DP, United Kingdom
m.gheorghe@sheffield.ac.uk
3 Department of Computer Science, Faculty of Informatics
University of Debrecen, PO Box 12, 4010 Debrecen, Hungary
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One of the major challenges for membrane computing is to find applications
of the obtained theoretical results in different scientific areas. Concepts and
methods in P systems theory have been so far successfully employed in solving
various problems in computer science and in modelling several biological phe-
nomena, but except applications in linguistics and natural language processing,
only a limited amount of attention has been paid to utilization of membrane
systems in social sciences.

One of the few steps in this direction was made in [12] where P systems (mem-
brane systems) were proposed to model social networks, an area of contemporary
computer science and practice which is in the focus of interest. Purely syntactic
models have already been used for describing communities of agents interacting
with each other and with their dynamically changing environment. Examples are
the framework of eco-grammar systems, from the theory of grammar systems,
launched in [10], and networks of (parallel) language processors describing pop-
ulations of agents by rewriting systems in [14, 8]. Multi-agent systems in terms
of formal language theory and membrane computing were discussed in [5], [6],
[4], and [17].

Roughly speaking, social networks are communities of individuals forming
a communication network based on some social phenomena. When formalizing
these networks, their special features, as interpersonal relationships between in-
dividuals, are expected to appear in the syntactic model. In various formalisms
related to the study of social phenomena, these relationships are defined as
information-carrying connections [16]. Two basic types of them are strong and
weak ties. Weak ties are responsible for the embeddedness and structure of social
networks and for the communication within these systems [16]. There are other

* Research supported in part by the Hungarian Scientific Research Fund, “OTKA”,
project K75952.



measures that characterize connections between nodes (agents). Centrality gives
an indication of the social power of a node and the strength of its connections.
It relies on other measures, betweenness, closeness, degree. Betweenness is the
degree of connectivity between a node and the nodes that have a significant
number of neighbours (direct connections). Closeness measures the distance be-
tween a node and all the other nodes in the network: it counts the number of
connections. For more details on these concepts and for some other measures of
connections existing in social networks the reader is advised to consult [25].

P systems, especially tissue P systems, can also be considered as collections
of agents (individuals) communicating with each other: the compartments or
nodes with the multisets of objects may represent the individuals and the rules
of the system describe the communication/interaction between the components.
In the case of population P systems, see [7], the established communication
links may dynamically change. Notice that the objects can also be considered as
information pieces, in this case a node represents a loosely organized community
of agents.

In [12] new classes of P systems capturing communication aspects in so-
cial networks were introduced and various research topics related to connections
between P systems theory and the theory of social interactions and networks
were initiated. They are called population P systems governed by communica-
tion (pcgP systems, for short). In this case, in addition to the multisets of stan-
dard objects which are called cellular objects, so-called communication objects
are present in the network. The transition takes place by rewriting and com-
munication of the cellular objects and recording the performed communication.
The transitions are governed by communication, i.e., rules can be performed
only if some predicates on the multisets of communication symbols associated
to the links are satisfied. Whenever communication takes place, the number of
communication symbols associated to the link inscreases.

It is easy to see that the model provides various possibilities to study the
behaviour of the nodes: ordinary or popular nodes - those that host individu-
als and allow communication between them; new-born nodes - those that are
dynamically created and linked to the existing network; non-visible or extinct
nodes - the nodes that are no longer connected to the network or have disap-
peared; nodes with one way communication, only allowing information to go
into, blackholes or allowing only to exit from, whiteholes. Some of these aspects
have been already discussed in membrane computing: for example, population
P systems allow nodes to be dynamically connected and disconnected [7]. We
can also take into account connections between nodes and look at the volume
of communication - the amount of (new) information generated or sent-received
by various nodes or groups of nodes; frequency of communicated messages - the
number of communication steps related to the evolution (computation) steps;
communication motifs - patterns of communication identified throughout the
network evolution.

In [12] we have focused on communication in these networks. In order to
characterize it and the fact that this might evolve in time by either increas-



ing or decreasing its value, we introduced some sort of symbols that act in this
respect, called complementary communication symbols. The customary (or pos-
itive) symbols strengthen a connection, whereas the complementary (negative)
ones weaken it.

The idea of complementary alphabets is not new in the field of natural com-
puting. It is a core idea of DNA computing, and the concept of related notions
have been discussed in membrane computing as well [1], [2], [3], [20], [19].

In [12] some further concepts regarding some specific types of pgcP systems
have also been defined, as well as presented some preliminary results for de-
terministic and non-cooperative pgcP systems, based on tools of Lindenmayer
systems (DOL systems). Among others, we described the growth of the com-
munication volume, the frequency, and the intensity of communication on the
links.

In this talk we will discuss pgcP systems with different types of predicates
for communication, and demonstrate how the choice of predicates affects the
volume and the intensity of communication, the type of communication motifs
in the network. We also will characterize other concepts and measures from social
networks like leaders and clusters emergence. Dynamical restructuring the links,
including break of links will also be topic of our discussion.
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A bioinspired computing approach
to model complex systems

Mario J. Pérez—Jiménez
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marperQus.es

Computational modelling is the process of representing real world problems in
mathematical terms in an attempt to find solutions to their associated complex
systems. Modelling is an integral part of many scientific disciplines and lies
behind great human achievements and developments [11]. Scientists regularly
use abstractions with the aim to describe and understand the reality they are
examining. A good model should have four properties: relevance, computability,
understandability and extensibility [14].

One of the main objectives of any model is to provide a predictive capability,
that is, the possibility to make conjectures of plausible hypothesis related to the
dynamics of the observed phenomenon in different scenarios. It is important to
notice that different models might be able to produce similar spatio-temporal
behaviour but they are distinguished by the different experiments they suggest.

Usually, cellular systems and population biology often depend on many vari-
ables of the observed behaviours. Since they define the dynamics of the system,
variables must satisfy some conditions, which can be referred as the invariants of
the related behaviour. Some of these invariants can be expressed by rules and can
be obtained by realizing experiments, while others cannot be measured in the
lab or are very expensive to estimate. Therefore, before simulations can be per-
formed in order to make predictions, we need to calibrate our model by obtaining
estimations for missing variables and validate it against the expected behaviour
of the system. This requires comparing trial results or simulations obtained by
using the model with real data coming from the lab or with data generated using
reliable methods. This stage involves an iterative process in which a candidate
set of parameters is proposed, some simulations are generated and, on the basis
of some metric of closeness to the desired behaviour, a new set of parameters is
tested. In some cases, design of the model has to be reconsidered.

Nowadays ordinary/partial differential equations (ODEs/PDEs) constitute
the most widely used approach in modelling complex systems. For example, they
have been successfully used to model kinetics of conventional macroscopic chem-
ical reactions. Nevertheless, in some cases such as molecular interaction networks
in cellular systems, any model described by means of a system of ODEs/PDEs
is based on two assumptions: (a) cells are assumed to be well stirred and ho-
mogeneous volumes so that concentrations do not change with respect to space;
and (b) chemical concentrations vary continuously over time in a deterministic

11
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way. This assumption is valid if the number of molecules specified in the reac-
tion volume (the cell or the subcellular compartment) are sufficiently large and
reactions are fast. A sufficient large number of molecules is considered to be of
the order of, at least, thousands of molecules.

Membrane Computing is an emergent branch of Natural Computing intro-
duced by G. Paun. This new computing paradigm starts from the assumption
that processes taking place in the compartmental structure of a living cell can
be interpreted as computations. In contrast to differential equations, P systems
explicitly correspond to the discrete character of the components of an ecosys-
tem and use rewriting rules on multisets of objects which represent the variables
of the system. The inherent stochasticity, external noise and uncertainty in cel-
lular systems is captured by using stochastic or probabilistic strategies. While
the stochastic approach is usually applied to model micro-level systems (such
as bacteria colonies, signalling pathways, etc.), the probabilistic one is normally
used for macro-level modelling (of real ecosystems, for example).

A multienvironment P system can be viewed as a finite set of environments
and a finite set of P systems, such that: (a) the links between environments
are given by the arcs taken from a directed graph; (b) each P system has the
same working alphabet, the same membrane structure and the same evolution
rules; and (c) each environment contains several P systems, where each evolution
rule has associated a computable function and each one of them has an initial
multiset which depends on the environment; and (d) there is a finite set of rules
among the environments. Furthermore, inside the environments, only objects
from a distinguished alphabet can exist.

In the stochastic approach the following holds: (a) the computable functions
associated with the rules of the P systems are propensities, obtained from the ki-
netic constants [12] (these rules depend on time but not on the environment); and
(b) initially, the P systems are randomly distributed among the environments
of the system. These kind of P systems are called multicompartmental P sys-
tems. Dynamics of these systems is captured by either the multicompartmental
Gillespie’s algorithm [12] or the deterministic waiting time algorithm [2]. Some
practical examples of multicompartmental P systems applications for modelling
cellular systems are: signalling pathways (Epidermal Growth Factor Receptor
[13], FAS-induced apoptosis [2]), gene expression control in Lac Operon [16] and
quorum sensing in Vibrio Fischeri [15].

In the probabilistic approach the following holds: (a) the total number of P
systems I, ; is equal to the number of environments: each environment contains
one P system; (b) functions associated with rules of P systems are probability
functions verifying some conditions; (c) rules among the environments have as-
sociated some probability functions verifying some conditions. The dynamics of
these systems is captured by ad hoc algorithms such as Binomial block based
simulation algorithm [6], DNDP (Direct Non Deterministic distribution with
Probabilities) algorithm [9] and DCBA (Direct distribution based on Consistent
Blocks Algorithm) algorithm [10], among others. These kind of P systems are
called population dynamics P systems (PDP systems) [7]. Some practical ex-
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amples of PDP systems applications for modelling real ecosystems are: bearded
vultures in the Pyrenees (NE Spain) [3], avian scavengers in the Pyrenean and
Prepyrenean mountains of Catalonia, NE Spain [4], Pyrenean Chamois (Rup-
icapra p. pyrenaica) in the Catalan Pyrenees [5], zebra mussel in the dam of
Ribarroja (NE region of Spain) [1], and pandemics [8].
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Abstract. Amorphous computing systems typically consist of myriads of tiny
simple processors that are randomly distributed at fixed positions or move ran-
domly in a confined volume. The processors are “embodied” meaning that each
of them has its own source of energy, has a “body” equipped with various sen-
sors and communication means and has a computational control part. Initially,
the processors have no identifiers and from the technological reasons, in the in-
terest of their maximal simplicity, their computational, communication, sensory
and locomotion (if any) parts are reduced to an absolute minimum. The proces-
sors communicate wirelessly, e.g., in an airborne medium they communicate via
a short-range radio, acoustically or optically and in a waterborne medium via
molecular communication. In the extreme cases the computational part of the
processors can be simplified down to probabilistic finite state automata or even
combinatorial circuits and the system as a whole can still be made universally
programmable. From the theoretical point of view the structure and the proper-
ties of the amorphous systems qualify them among the simplest (non-uniform)
universal computational devices. From the practical viewpoint, once technology
will enable a mass production of the required processors a host of new applica-
tions so far inaccessible to classical approaches to computing will follow.

Extended abstract: The history of amorphous computing systems began by the end of
the twentieth century, mainly as an engineering endeavor (cf. [1], [2], [4], [5], [6], or
[13]). Namely, in those days the progress in constructing the micro-electro-mechanical
systems (MEMS) has enabled to think of devices integrating a central data processing
unit (the microprocessor) and several components that interact with the surroundings
such as micro-sensors, wireless communication unit, and the energy source in a small
unit. These parts can possibly be complemented by micro-actuators and locomotive
means. The resulting device can be viewed as an embodied computational unit. Note
that such a unit possesses all the necessary parts characterizing autonomous embodied
robots.

MEMS devices generally range in size from 20 micrometres (20 x 107% m) to a
millimetre (i.e. 0.02 to 1.0 mm). Current ideas about nano-electro-mechanical systems
(NEMS) and nano-technology consider such systems at a nano-scale (10~ m).

* This work was partially supported by RVO 67985807 and the GA CR grant No. P202/10/1333
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The driving force behind the respective development has mainly been a vision of
huge amounts of the respective “micro-robots” engaged in various application tasks
requiring local computation, local sensing, local actions and wireless communication
among the randomly distributed units of the system. The joint idea has been that using
local communication, the respective devices could self—organize in order to perform a
coordinated action none of the elements alone was able to realize.

It is obvious that the resulting system of locally communicating units has no fixed
architecture what is reflected by the term “amorphous computing systems”.

Amorphous computing systems could, e.g., be spread from an airplane on the sur-
face over a certain region in order to monitor certain parameters of the environment,
such as temperature, humidity, precipitation, or life manifestations (on an other planet)
(cf. [3], [5], [6], [12], [13], and [14]). These measurements can be transmitted into a
base station that will make the data processing. Such gadgets can also be used for object
surveillance. Another application is in medical sciences — the devices can be attached
to patients and spread over the hospitals in order to monitor the patients’ movements
and life functions. A nano-size device of such kind can even enter human bodies in or-
der to perform genetic manipulations at the cell level, to strengthen the immune system,
to heal up injuries, to cure heart or brain strokes, etc. (cf. [7]). Real bacteria represent a
template for such systems already existing in nature.

Amorphous computing systems communicating via radio can be seen as an extreme
case of wireless sensory networks: not only are the nodes of amorphous systems consid-
ered under severe size and cost constraints resulting into corresponding restrictions on
resources such as energy, memory, and computational speed. There are additional limi-
tations usually not considered in the domain of wireless sensory networks: the compu-
tational and communication hardware in the processors is stripped down to an absolute
minimum that seems to be necessary in order to maintain the required functionality and
scalability of the network. For instance, in order to allow potentially unbounded scal-
ability of amorphous computing systems their processors initially do not possess any
identifiers: they are all alike, they are very simple and theoretically can be seen as fi-
nite state automata. In order to maximally simplify the wireless communication mech-
anism in the nodes of amorphous computing systems no embedded communication
software is assumed. There is no synchronicity assumed and the communication among
the nodes is “blind” — a sender has no means for discovering the presence of nearby
receivers, it cannot learn that its message has been delivered since a receiver node can-
not reliably send message acknowledgement to a message sender. The broadcast itself
is disturbance-prone — the simultaneously broadcasting nodes jam each other in such
a way that no message can be delivered and moreover, the interference in broadcasting
cannot be recognized by the processors.

Waterborn amorphous computing systems usually work on different principles than
the radio-driven systems since radio waves do not travel well through good electrical
conductors like salt water and similar liquids. Therefore, the former systems commu-
nicate with the help of the signal molecules that spread around via Brownian motion
[16]. In some cases the decisions of nano-machines are based on so—called quorum
sensing [18], i.e., on the density of signal molecules in the environment. This calls for a
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completely different design of the communication and control mechanisms that has no
counterpart in the domain of classical distributed computing.

The inconspicuous appeal of amorphous computing systems consists in their im-
mense variety of forms, in the possibility of their adaptation to particular characteristics
of their operational environment, in their extreme simplicity and, last but not least, in
their immense applicability to problems that cannot be solved by classical computa-
tional means. All these properties are supported by the computational universality of
the underlying systems.

So far, the prevailing focus of research in amorphous computing systems has mostly
been focused towards engineering or technological aspects of such systems almost com-
pletely ignoring theoretical questions related to their computational power and effi-
ciency. Obviously, without knowing their theoretical limits, one cannot have a complete
picture of the potential abilities and limitations of such systems. This was the starting
point of the project of the present author and his (then) PhD student L. Petrt (cf. his PhD
thesis [8]) devoted to studies of theoretical issues in amorphous computing initiated in
2004. Since that time various models of amorphous systems have been investigated.

The aim of the present talk is to give a brief overview of the developments within
the corresponding research as performed within our amorphous computing research
project. In the talk we present the main design ideas behind the respective models, point
to the main problems to be solved, indicate their solution, and present the main results.
The models will be approached roughly in the order of their increased generality (cf.
(191, [20], [21]).

We start with the simplest model of amorphous cellular automata [8] and will con-
tinue with more elaborated asynchronous stationary amorphous computing systems [9],
[17]. Then we turn our attention towards the so-called flying amorphous computing
systems with mobile processors (cf. [10] and [11]). Finally, we describe molecularly
communicating nano-machines that orchestrate their activities either by a molecular
analogue of radio broadcast [16] or via quorum sensing [18]. Interestingly, in the latter
case the nano-machines must be endowed by the self-reproduction ability.

The main result of our investigations is the proof of the computational universality
of the amorphous computing systems considered above . This points to the versatility
of such systems in various computational or robotic applications (cf. [15], [17]).

We conclude by stressing that the amorphous computing systems offer a radically
new concept in information technology that has the potential to revolutionize the way
we communicate and exchange information.
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EXTENDED ABSTRACT

P systems with active membranes have been introduced as a variant of P sys-
tems where the membranes play an active role in the computation: an electrical
charge, that can be positive (+), neutral (0), or negative (—), is associated
with each membrane; the application of the evolution rules can be controlled
by means of these electrical charges. Moreover, new membranes can be created
during the computation by division of existing ones. A very interesting feature
of such systems is that, using these operations, one can create an exponential
number of membranes in a polynomial time, and use them in parallel to solve
computationally hard problems, such as problems in NP or even in PSPACE.

This possibility raises many interesting questions concerning the trade—off be-
tween time and space needed to solve various classes of computational problems
by means of membrane systems. In order to clarify such relations, a definition of
space complexity for P systems has been proposed, on the basis of an hypothet-
ical implementation of P systems by means of real biochemical materials: every
single object and every single membrane requires some constant physical space.
As a consequence, the size of a configuration of a P system can be defined as the
sum of the number of membranes in the current membrane structure and the
total number of objects they contain. The space required by a halting computa-
tion is the maximum among the sizes of the configurations reached during such
a computation. The space complexity of a P system II, denoted by |II], is the
maximum among the sizes of all its computations. Finally, a family of P systems
(working on strings from an alphabet X) IT = {II,, : x € X*} is said to operate
in space f: N — Nif [II;]| < f(|z]) for all z € X*.

Research on the space complexity of P systems with active membranes has
shown that these devices, when using a polynomial amount of space, exactly
characterize the complexity class PSPACE. A similar result to characterize
the complexity class EXPSPACE can be obtained by considering exponential
space P systems. The results have then been generalized, showing that any Tur-
ing machine working in space 2(n) can be simulated with a polynomial space
overhead.
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The talk will focus on P systems working in sublinear space, with a survey
on recent research results obtained by our group at the University of Milano-
Bicocca. In order to consider sublinear space, we first need to define a corre-
sponding meaningful notion in the framework of membrane systems, inspired
by sublinear space definition for Turing machines: we consider P systems hav-
ing two distinct alphabets, an INPUT alphabet and a WORK alphabet. The
input objects do not contribute (unless they are rewritten) to the size of the
configuration, which is defined as the sum of the number of membranes in the
current membrane structure and the total number of only the working objects
they contain. Notice that, since sublinear-space Turing machines are weaker
(possibly strictly weaker) than those working in polynomial time, we also need
to consider uniformity conditions for the families of P systems that are weaker
than the P uniformity usually considered, such as logspace uniformity or even
DLOGTIME uniformity (usually employed for families of Boolean circuits).

The first natural approach, when considering the use of sublinear space in the
framework of membrane systems, is to compare P systems using a logarithmic
space with Turing machines using the same amount of space. We first showed that
DLOGTIME—uniform P systems with active membranes, using a logarithmic
amount of space, are able to simulate logarithmic-space deterministic Turing
machines, and thus to solve all problems in the class L.

However, this result felt somewhat unsatisfactory: in fact, logarithmic-space
Turing machines can only generate a polynomial number of distinct configura-
tions; on the contrary, P systems working in logarithmic space have exponentially
many potential ones. Indeed, n distinct input objects can, in principle, be arbi-
trarily partitioned in log n different regions of the P system. An interesting open
question, thus, was the following: is it possible to effectively reach (and distin-
guish in order to exploit them) all such configurations? The answer is trivially
yes when we consider non—confluent P systems, but it was not clear whether or
not this could actually be done also in a confluent way.

We proved that this was indeed the case, and that it is possible to move the
input objects among the membranes and to exploit their position in such a way
that harder problems than those in L can be solved. In particular, using such
a technique, polynomial-space Turing machines can be simulated by means of
P systems with active membranes using only logarithmic auxiliary space, thus
characterising PSPACE. This was the first case where the space complexity of
P systems and that of Turing machines differ by an exponential amount. Since,
as previously said, PSPACE had already been proved to be characterised by
polynomial-space P systems, these results also highlight a gap in the hierarchy
of space complexity classes for P systems: super-polynomial space is required in
order to exceed the computational power of logarithmic space.

We considered then P systems using only a constant amount of space, and
it turned out that, surprisingly, a constant amount of space is sufficient (and
trivially necessary) to solve all problems in PSPACE. To obtain this result, the
input objects are used to store the contents of the tape of the simulated Turing
machine, and the construction is based on two main ideas. The first one is that,
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since by rewriting more than a constant number of input symbols the amount
of space would be non-constant, the only way to use such symbols to store the
state of the tape is to track their position inside the membrane structure. The
second idea is that it is possible to “read” a subscript of an input object o;
without rewriting it and by using only a constant number of additional objects
and membranes, using the objects to implement a counter and the charges of
the membranes to inform other objects that the timer has reached the value j.

This result challenges our intuition of space, formalized in the definition of
space complexity for P systems, adopted so far: does counting each non-input
object and each membrane as unitary space really capture an intuitive notion
of the amount of space used by a P system during a computation? From an
information-theoretic perspective, we may observe that, on an input of size n,
the constant number of working objects employed by the simulation actually
encode O(logn) bits of information, since they are taken from an alphabet of
polynomial size with respect to n. It may be argued that this amount of in-
formation needs a proportional amount of physical storage space. Similarly, the
membranes themselves, being identified by a label selected from a set A, contain
a number of bits of information that is ©(log A), which must have a physical
counterpart.

Following these considerations, we proposed a more accurate estimate of the
space required by a configuration of a P system, that takes into account such
logarithmic factors. Using the new space definition, all the results involving at
least a polynomial amount of space, according to the first definition, still hold.
The difference appears only when P systems with severely tight bounds on the
amount of space used during computations are considered.

In fact, the systems used to obtain the result described above, and requiring
a constant amount of space according to the former definition, require now a
logarithmic amount of space. Furthermore, the space bounds of the simulation
of polynomial-space Turing machines by means of logarithmic-space P systems
with active membranes, previously described, increase to ©(lognloglogn), since
in that case each configuration of the P systems contains ©(logn) membranes
with distinct labels and O(1) non-input objects.

We will conclude the talk by presenting a result that highlights the impor-
tance of rewriting input symbols for P systems when a sub-logarithmic number
of membrane labels is used. We proved that, under this last condition, if we only
allow the use of rules that move the input objects in the membrane hierarchy
(i.e. send-in, send-out, and dissolution rules), then it is even impossible to cor-
rectly distinguish two input strings of the same length (unless the ordering of
the symbols is not taken into account), even when no bound on the amount of
space is present. In other words, P systems having the limitations just described
and accepting (resp., rejecting) a long enough string x also accept (resp., reject)
another string obtained by swapping two symbols of x.
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Abstract. The continuous expansion and appreciation of the service ori-
ented architecture is due to the standards of loose-coupling and platform
independence. Service-Oriented Architecture is most commonly and ef-
fectively realized through web services, and their temporal collaboration
commonly referred to as web service composition. In the present sce-
nario, the most popular variant of composition is service orchestration.
Orchestration is achieved through a centralized ‘heavyweight’ engine, the
orchestrating agent, that makes the deployment configuration a massive
‘choke-point’. The issue achieves significance when data and compute in-
tensive scientific applications rely on such a centralized scheme. Lately,
a lot of research efforts are put in to deploy a scientific application on
the cloud, thereby provisioning resources elastically at runtime. How-
ever, just like the orchestrating agent it is the cloud now that provisions
resources and in a similar manner there is an unnecessary burden on
the hosted platform. In this paper, we aim at eliminating this central
‘choke’ point by presenting a model inspired from ‘Membrane Comput-
ing’ that executes a scientific workflow in a decentralized manner. The
benefit of this paradigm comes from the natural process of autonomy,
where each cell provision resources and execute process-steps on its own.
The approach is devised keeping in mind, the feasibility of deployment
on a cloud based infrastructure. To validate the model, a prototype is
developed and real scientific workflows are executed in-house (with-in
the Intranet). Moreover, the entire prototype is also deployed on a virtu-
alized platform with software defined networking, thereby studying the
effects of a low bandwidth environment, and dynamic provisioning of
resources.

Keywords: Scientific Workflows, Service Oriented Architecture, Membrane
Computing

1 Introduction

Service oriented architecture has now become a multipurpose paradigm execut-
ing business processes and helping compute intensive scientific applications [2].
It’s success can largely be attributed to advancements in the field of cloud com-
puting. The technological advancements, notwithstanding, the paradigm relies
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on a centralized solution to orchestrate either a business process or data inten-
sive scientific applications as the case may be. The orchestrator, by virtue of its
inherent centralized nature is a single point of failure and suffers from the issues
of scalability, reliability, fault tolerance, security, and privacy [4].

It is well known that a scientific workflow is resource intensive, whereas a
business workflow is control oriented. A scientific workflow is well exemplified by
the Large Synoptic Survey Telescope' experiment aimed to recursively explore
and take images of the sky for a period of 10 years and expected to generate
data (300MB/s) in the order of exabytes (both raw and pruned). To rely on a
centralized architecture in this context, is a potential processing and communi-
cation bottleneck. Moreover, the failure of an orchestrator or the hosted platform
(cloud’s Infrastructure as a Service), causes a cascaded chain reaction, making
the entire hierarchy of deployed services moot. The issue is evident by the failure
of Amazon in 2011, 2012, and 2013. A decentralized setup, on the other hand,
achieves a reduction in failures and enables quick recovery. Considering the ex-
ample of AstroGrid science (calculating Redshift) presented in [1], a reduction
of 43.47% (data transfer) was achieved by enacting a workflow using a decen-
tralized architecture. Hence, in the context of scientific applications, we believe
a fault tolerant decentralized solution towards workflow execution should be the
way forward.

With the advent of cloud computing, concepts such as Flastic Computing,
federation of clouds, and Mobile Cloud Computing, are just around the corner.
In respect to the scientific workflows, the benefit of decentralization comes in the
context of Elastic Computing. Consider, a compute intensive workitem is pro-
cessing huge volumes of data. If a centralized orchestrator is handling this task,
then the orchestrator is responsible for gathering resources, provision them into
the existing workflow, perform migrations at remote locations and several oth-
ers resulting in an un-necessary burden on the controlling authority. Moreover, a
centralized engine foster a lot of infrastructure, development, maintainence and
operational costs. Therefore, for certain scientific experiments limited by budget
constraints, the decentralized architecture is an ideal candidate.

Bell et al. [3] states “the rapidity with which any given discipline advances
is likely to depend on how well the community acquires the necessary exper-
tise in database, ‘workflow management’, visualization, and cloud computing
technologies”. Taking this line of reasoning as a benchmark for the proposed
work, we propose a decentralized solution to execute a scientific workflow via
membrane computing approach. We take inspiration from biology to design a
workflow management model that execute services, realizing the process-steps
or workitems, in a decentralized manner. We use the elementary principles of
membrane computing to model the execution of a workflow. The choice of this
type of an architecture comes with the benefit that it provides a natural and an
intuitive method to model workflows, pass parameters and elastically increase or
decrease resources at runtime. We consider each membrane as a service capable
of executing a scientific workitem. The membranes are self capable of discov-

! http://www.lsst.org/lsst /science
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ering other resources (or services) on their own. Each service is provided with
evolutionary rules (Membrane terminology), it is through these rules the services
evolve, allocate & provision extra resources, and execute their respective tasks
in a cost-efficient manner.

Substantial literature focuses on achieving scientific workflow execution over
the cloud [1], [2], [9], [11], [12]. However, most of these rely on the cloud (or the
orchestrator) to elastically increase or decrease resources at runtime, or don’t
focus on elasticity at all. Therefore, our objective is to introduce ‘autonomy’ in
resource provisioning by the work-items themselves.

To the best of our knowledge, this is the first endeavour to explore the pos-
sibility of executing a workflow via Membrane Computing. To demonstrate the
viability of the same in actual deployment, we have developed a prototype with
‘real’ services. We execute real scientific workflows collected from myexperi-
ment?, and deploy the prototype on a virtualizated platform (XENServer) to
test the validity of the proposed work. During validation, the services exchange
data and parameters via a stable storage. The stable storage itself was offered as
a service, thereby affirming to the standards of Service-Oriented Architecture.
Moreover, using Software Defined Networking, we study the effects of limited
bandwidth capabilities during execution.

The contribution of this paper is two-fold:

1) A novel membrane inspired approach for decentralizing workflow execu-
tion, with autonomous provisioning of computing resources

2) A proof of concept, via actual deployment and execution of scientific work-
flows.

The rest of the paper is organized as follows: Section ii presents a brief
introduction to membrane computing. Membrane Inspired Scientific Workflow
execution is discussed in Section iii. Results are discussed in Section iv, Related
Work is presented in Section v. We conclude with Future Work in Section vi.

For the purpose of clarification, a scientific workflow is called a workflow
throughout this paper. A resource is analogous to a service instantiated on a
Virtual Machine.

2 Membrane Computing Paradigm

Before beginning the discussion of Membrane Inspired workflow management,
we present a small discussion on the Membrane Computing paradigm.

Membrane computing takes its inspiration from a living cell. A living cell is
encapsulated by a membrane that separate its internals from the external envi-
ronment. The cell encloses multiple natural artifacts, e.g. nucleus, golgi appara-
tus, molecules, vesicles etc. The cytoplasm holds charged ions, whose movement
(either inwards or outwards) is controlled by the presence of certain type of
proteins. Using chemical receptors, the membrane allows a selective passage of
molecules and achieves cell-to-cell signaling.

2 http://myexperiment.org
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The pioneering work in the area of membrane computing was proposed in
[6]. The author proposed, the basic structure of a membrane consist of several
separate sub-membranes. The membranes consist of the delimiting region, called
multiset, where several different objects are placed. The evolution, manipulation,
and transformation of objects is accomplished via evolutionary rules. The objects
are transferred from one membrane to another membrane, causing transitions
and carrying out the intended tasks. The execution rules are chosen in a non-
deterministic manner, thereby presenting an illusion of having infinite parallel
computing capability. The application of these rules is conditional i.e. a rule is
invoked if certain reaction conditions are applicable. The rules as explained in
[6] are of the form a — b, where a and b represents multisets of objects. Since,
the data and objects are transferred from one membrane to another, the author
proposed the notion of ‘target indications’. Using target indications, the objects
are retained, transferred and consumed. It can be deduced that using these rules
the multiset can be written very easily. An example of a rule applied towards
object evolution is demonstrated below.

Consider a rule of the form (%) — (i,here) (i,0out) (j,in) (j,0ut). In this ex-
ample, a copy of ¢ and j is consumed and two copies of ¢ and j are produced. One
copy of 7 is retained within the same membrane (the ‘here’ indicator), while the
other one moves out to the surrounding environment (the ‘out’ indicator). Out of
the two copies of j produced, one goes to the surrounding environment and the
other moves inwards toward the inner membrane(s). There exists catalytic rules
demonstrating the applicability only in the presence of a certain type of an ob-
ject, e.g. cb — cv, where c is the catalyst. Also, there are non co-operating rules,
e.g. a — b, membrane dissolving rules, e.g. j — 0d, where J denotes the mem-
brane dissolving action. It should noted here, the author [6] deliberately points
out that the membrane dissolving rule cannot be applied to the skin membrane
(for obvious reasons). Further, there are communication rules, symport and an-
tiport, demonstrating how membranes communicate. As outlined earlier, in the
real world the membranes communicate via protein channels. Therefore, the pro-
tein channel and the molecules are the agents of communication in membrane
computing. The ‘symport rules’ allows for the passage of molecules in one way.
On the other hand, the ‘antiport rules’ allow for a two way communication via
molecules.

There also exists membrane division and merging rules. A membrane division
rule is of the form [y a]y —[2b]2[3¢]3 (a membrane is denoted as ‘[ |°, [6]), while
a membrane merging rule is of the form [ye]a[3f]3—[1d]1. Further, there exists
endocytosis rules, exocytosis rules, gemmation rules etc. The rules are applied
locally in each membrane in a non-deterministic, maximally parallel manner,
thereby causing transitions in the system.

In this paper, we try to use these elementary concepts to achieve a decen-
tralized workflow execution. Based on the discussion so far, it is understood that
this paradigm has a natural orientation, and can execute any type of compu-
tation problem (e.g. Satisfiability [14], Traveling Salesman Problem [16] etc). It
is due to this feature, it has received a lot of attention in literature, right from
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the moment of its inception. It can be deduced that the membrane computing
paradigm allows a natural metaphor and an intuitive mechanism to model the
complex behavior of scientific workflows. As discussed previously the paradigm
allows communication rules (symport and antiport), membrane dissolving rules,
membrane division and merging rules etc. Using these rules, scientific workflow
constructs and functionality can be managed with little efforts. Further, apply-
ing the evolutionary rules, a workflow itself can be modified dynamically (via
endocytosis, exocytosis, gemmation etc.).

3 Membrane inspired scientific workflow execution

In the proposed work, a membrane is considered as a service capable of realizing
a single ‘workitem’ or a ‘process-step’. Each membrane has its fluid (local mem-
ory) capable of storing the contextual information and local data (or molecules).
The contextual information includes the load-indicator parameters, the inner
membranes (the successor workitems), the outer membranes (the predecessor
workitems), the resource pool etc (discussed below). The membranes communi-
cate via the ‘symport’ rules to pass control to the subsequent membrane. The
objects and data are passed via the multiset. The data is equivalent to the pro-
teins capable of penetrating the membrane structure. The membranes do not
pass data directly, but rather direct the subsequent membranes to read from the
stable storage location (implemented as a scalable distributed shared memory).
In the following text, a service is called a ‘membrane’ for the rest of the paper.

/ Membrane \
Membrane /| Membrane

Global Multiset

Membrane

Fig. 1. Membrane Architecture

Before proceeding any further, we must outline the basic architecture utilized
to achieve a decentralized execution. Fig 1 represents the overall design used
while executing a workflow. The outermost membrane represents the skin mem-
brane, the inner membranes demonstrates the individual workitems. As visible,
all membranes pass data and parameters to the global multiset. Each membrane
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operates on the objects available in the multiset locally. Hence, there is no need
of a central controlling authority. After completing an execution, the membrane
dissolves and leaves the transformed objects in the multiset. This procedure is
followed till the objects are pushed out to the surrounding i.e. the execution
of a workflow has completed. In the membrane computing model, we focus on

N ; %

[ [1]1 [2]2 [3]a]a

ii)

Fig. 2. A Simple Workflow & Membrane Representation

the property of elastically provisioning resources, by the membranes themselves
using cell division rules. An example of cell division rules was outlined previ-
ously. Using such type of division rules, the membrane is instantly divided, and
the load is dynamically shared between the parent membrane and the newly
born child membranes. It should be pointed out here that the provisioning of
resources is done autonomously (i.e. by a membrane itself), thereby the need
of the cloud service provider to locate and provision resources is removed com-
pletely. While provisioning extra resources (resource elasticity property), or in
membrane terminology, when a parent membrane is dynamically divided into
child membranes, the child membranes also read and write to the same multiset.
In this way, a membrane is self capable of finding and provisioning resources into
existing workflow. Previous works in literature do not take this property into con-
sideration, they either depend on cloud service provider or on the orchestrator to
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accomplish this functionality. On the other hand, we focus on self-provisioning
of resources by the membranes themselves.

During execution, when a membrane is dynamically divided, the load has
to be shared between parent and child membranes. Since the provisioning of
resources, or rather, the membrane division process is autonomous (no orches-
trator), therefore one might think that the division process will take some time.
However, in the results section we prove that the division process, rather than
slowing things down, actually speeds up the process.

To dynamically divide a membrane, a load-indicator is instantiated with each
membrane. When a threshold value is reached, for either the response time, the
throughput, the queue size etc., the membrane division rule is invoked and the
parent membrane is divided into multiple child membranes. Whenever, the load-
indicator sensed the load has reduced, the membrane merging rule was invoked
and the extra provisioned resources were released.

In the proposed model, the multiset is considered as a stable, semantically
distributed shared memory offered as a service. Semantic space allow an inher-
ent capability for parallel processing and a distributed stable data management
platform. This type of platform allows huge volumes of data to be stored in a
semantic format, with event-driven and asynchronous mode of communication.
Such type of a storage schema allows a simple Application Programming Inter-
face (API) to read and write to a persistent storage. The APIs to access the
protocol are exposed as a web service (SOAP & RESTful APIs). The data cen-
ter allows the query to specified in GData, OpenSearch, XQuery/XPath over
HTTP, SPARQL etc. Since, the discussion of semantic spaces is out of scope for
this paper, we direct the interested reader to [7], [8].

[1ali — [2b,in]2 [3c,in]3 &
[2b]la — [4d,in]y O

[3¢ls — [4e,in]y §

[1dels — [ofoutl, 6

Fig. 3. Execution Rules

To demonstrate the procedure used in the membrane computing model to
execute a workflow is explained with the help of an example. A simple workflow
with four activities in BPMN (Business Process Management Notation) [15]
format is demonstrated in Fig 2. The equivalent representation using membranes
is shown in the same Figure. The rules to execute the workflow are shown in Fig
3. The rules here do not include any division behavior, rather they specify the
execution procedure from a global point of view. It should be pointed out here
that the elastic behavior or the cell division rules are specified locally to each
membrane.

In this Figure, a,b,c,d,e,f are multisets of objects. The execution begins when
membrane one performs a transition, and writes the transformed data to the
multiset (Rule 1). Further, using Rule 1 the membrane dissolved (the ¢ indicator)
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and let membranes two and three access the multiset to read the objects b and ¢
respectively. A similar procedure is followed for all the execution rules. The last
rule demonstrates the completion of transition activities, and the system halts.
In the proposed work, we have used the notion of the dependency operator,

enabling a sense of determinism during execution. In this paper, we propose the

(Details)

use dependency operator as , where Dependency represents the type

Dependency

of dependency (data or control) and Details demonstrate the list of dependent
membranes. It is a known fact that the membrane at same level execute their
rules in a non-deterministic manner. However, owing to control dependencies,
certain membranes have to be restricted from execution. In such scenarios, the
proposed operator provides a certain level of determinism and restrict few of
the membranes from execution. For example, consider the following dependency
rule:

25 [sya)s 168 (1)

[1 [51 a]sl [Szb]SQ [S3C} SS]l Control

In this rule, the dependency is control and the membrane list contains {5,
S3}. The rule implies that prior to the execution of Sy, or, in other words, prior
to the application of this rule, both So and S3 must dissolve (or S; and Se must
have completed their resp. tasks).

It was outlined previously, the membranes are self sufficient to procure re-
sources on their own. To accomplish this functionality, cell division rules are
utilized. For example, consider a rule

[ia]i—[110a]11[1.20]1.2

In this example, membrane one is divided into two halves, each having the same
processing functionality and capability. The division process is carried out us-
ing symport rules, involving the membrane and the load-indicator. As soon the
membrane divided, the execution procedure and order became

[1.1a]11[1.2a]1.2—[20, in]2 [3¢, in]s &

If, in the middle of a transaction, the provisioned resources have to be released,
then cell merging rules are invoked, e.g.

[Lialiafi2a)i.2—1a)s

Hence, by applying the division rules and the merging rules, resources can be
provisioned and released. The specification and application of these rules is de-
pendent on each individual membrane, there is no authority that controls the
division and merging process. The membranes are self-sufficient and self-capable
of invoking division rules and merging rules independently. During real world
experimentation, we have also used the same procedure to execute the scientific
workflows.

In the membrane computing model, a specific role is assigned to each mem-
brane. Moreover, the membranes are assigned a unique name and an identifier.
Membranes assigned to the same role can execute the same functionality. In
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the Future Internet, the issue of reliability is inevitable, therefore redundant
membranes should be kept as back-up in case one fails during execution. Next,
while executing a workflow there are certain input and output dependencies that
must be resolved before proceeding. In the proposed work, these dependencies
are specified in an XML format thereby providing a straightforward mapping
to a machine readable format. Since, a lot of work [1], [5], [13] has been done
to resolve dependencies and automate the execution of traditional workflows,
therefore we rely on those procedures to proceed with the execution.

Listing 1.1. ResourcePool

<ResourcePool>

<Resource>

<Address>

http://10.200.40.139/ Traffic /Diverte/nodel
</Address>

<Endpoint>

</Endpoint>

</Resource>

<Resource>

<Address>

http://10.200.40.132/ Traffic/Diverte /node2
</Address>

<Endpoint>

</Endpoint>
</Resource>
</ResourcePool>

Now, to begin with the execution, a workflow is specified to the multiset.
Every participating membrane reads its corresponding dependencies (a low level
locking mechanism). In the experiments, we used an XML schema. It should
be noted that our motive is ‘not’ to introduce a new description language. The
schema is not limited and was constructed using the principles of domain specific
languages. Therefore, any type of workflow can be mapped to a machine readable
and executable format, thereby presenting a language independent interface. In
that case, each membrane must be equipped to handle any type of description.
A question arises here: How do membranes understand these specifications? To
interpret these constructs, each membrane is equipped with a local interpreter.
Hence, an extra layer is added to the membranes to correctly interpret the work-
flow description (either XML or normal rules).
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Workdlow Inputs

[ Input_Sequence |[ ListUser |[ N-Jor UPGMA |
]

Conciion_DNA_RNA

fh—

Not_Protein_Sequence | ‘ Setting_fasta ‘ [toLowerCase

blastsimplifier

Extract_GI_Evalue

N

Extract_Duplicates

insert_query_seq

extract_number_sequences
Extract_Seq_Description | | ClustalW.

prettyplot
i 1

Workflow Output

Y
‘ It is a DNA or RNA sequence H Net Protein Sequence H Blast Report H Protein Description H Image Alignment H Distance Outfile H Unrooted Tree H Rooted_Tree H Output Tree (N or UPGMA) ‘v

Fig. 4. One of the Workflows for Experimentation
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4 Results

4.1 Experimental Setup

In order to evaluate the proposed work, and to check the viability in actual
deployment scenarios, we have conducted experiments with multiple workflows
collected from myexperiment.org. The execution of these workflows was achieved
in 1) Inside the Institute’s Intranet 2)Virtual Machines within the Computing
Lab of the Institute. The configuration of each machine in the Intranet is i5 Pro-
cessor with 4 GB RAM, whereas the resource pool had multiple machines, each
having Quad-Core processors with 8GBs and 16GBs of RAM. The distributed
shared memory, MozartSpaces?, was deployed as a RESTful service. The appli-
cation container for the services was Apache Tomcat v7.0.41. The experiments
were conducted specifically keeping in mind the capability to provision resources
independently, specifically we concentrate on Infrastructure as a Service.

To study the effect of a low bandwidth environment, the networking capa-
bilities of each Virtual Machine (VM) was constrained. In this paper, one of our
motive was to test the model’s performance and feasibility to execute a decen-
tralized scientific workflow under duress with limited bandwith capabilities. We
discuss the behavior of the model in the next subsection.

4.2 Execution Efficiency

As outlined previously, we have chosen workflows from myexperiment. The work-
flows are uploaded by the people in the research community, and spans different
fields viz. Bio-Informatics, Protein Sequence Analysis, nucleotide and protein
sequence analysis. Each workflow was executed multiple times. A total of 13, 28,
and 18 services were developed for workflow I, II°, and IIIS.

Execution
Time

Invocations

Fig. 5. Execution Time WF-I No Constraints

3 http://www.mozartspaces.org/

* http://www.myexperiment.org/workflows/244.html
5 http://www.myexperiment.org/workflows/124.html
5 http://www.myexperiment.org/workflows/1477. html
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During the experiments, it was assumed that each of the discrete workitems
are realized by a web service. In Fig 5, we have shown the execution time of
the workflow I, with no constraints on the bandwidth capabilities. As visible,
the execution time of the workflow started at a normal pace. But, when the
invocations increased linearly, the execution time followed. The moment, the
load-indicator (of each individual membrane) sensed duress, a new resource or
a Virtual Machine (VM) was provisioned from the resource pool. The newly
provisioned resource was made aware of the stable storage location and access
methodology.

After provisioning resources, the execution time experienced a sudden drop.
This is clearly visible in Fig 5. It should be noted here that in the experiments,
each workitem (or membrane) provisioned resources on its own. The first reduc-
tion in the execution time is due to the fact that only a few membranes provi-
sioned an extra resource. Therefore, the drop is not that much steep. However, a
sudden decrement in the execution time at the end of the graph indicate multiple
VMs were provisioned to complete the workflow. We invoked the same workflow
multiple times (in regular intervals) so as to test the behavior of autonomously
provisioning resources. It should be noted here, when the membranes provisioned
extra resources, it happened when the load indicator sensed duress for the new
incoming request. The already existing requests were not dynamically migrated
(live migration). In business terminology, the SLAs (Service Level Agreements)
were violated for the new requests only, there is no need to provision resources
for non-SLA violating requests (principles of cost elasticity).

Execution
Time  som

Invocations

Fig. 6. Execution Time WF-III No Constraints

The same procedure was followed to execute workflows II and III. The re-
sult demonstrating the execution time for workflow II is shown in Figure 6. As
visible, the execution time dropped the moment the load indicator sensed an
increment in the load of the individual membrane. Hence, looking at the execu-
tion results for workflows I and II, it can be said that though the membranes
provisioned resources autonomously, but the execution efficiency was never com-
promised. The results demonstrate the feasibility of the membrane computing
paradigm towards executing scientific workflows without requiring a centralized
controller, or without pre-defined arrangements with the cloud service provider
(Infrastructure as a Service).
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Fig. 7. Execution Time WF-I Limited Bandwidth

In the experiments conducted so far, the bandwidth of each VM was not
limited. During experimentation, we limited the bandwidth of each VM deployed
to 2KBytes/s. This was done to evaluate the feasibility of the prototype in real
world scenarios. The resulting graph for the execution time is shown in Fig 7
(workflow I). As demonstrated in the Figure, the provisioning of extra resources
resulted the same sudden drop in the execution time. However, in this case the
execution time increased. This effect is due to the fact that the bandwidth is
limited and each individual membrane required some time to receive the data
dependencies. Moreover, it was observed that there were instances when the
request was dropped due to severe congestion.

100

KBps

e P ———— \/W’/\J\/\/L,_‘/ \’\/\/\/\/\__,D

Measurement Interval

Fig. 8. Network Performance Limited Bandwidth

In Figures 8, we have shown the snapshots of the network perfromance of
two VMs chosen at random. It can be seen from the Figures that the network
capabilities witnessed its peak during execution. It is at that instant, the new
incoming requests were dropped. Further, the performace showed that whenever
the load increased beyond the threshold limit, new VMs were provisioned to
balance the load.

5 Related Work

In literature, there are lot of techniques available to execute a workflow, either
centrally or decentrally. In the decentralized scenario, the services share data and
parameters either by passing messages directly or indirectly. However, only a few
are in the context of dynamically provisioning resources for scientific workflows
with actual deployment.
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Nature inspired metaphors have caught some attention lately. Based on these
approaches we found two interesting metaphors 1) Chemistry 2) Physics. A de-
centralized framework to execute workitems, is proposed in [5], [2]. Fernandez
et al [2] propose executing a workflow using the chemical paradigm. Similar to
our work, the authors used a decentralized environment, however, they used a
centralized shared memory (hence, the authors suffered from scalability issues).
Moreover, they kept the services fixed to execute the workitems, with no provi-
sion of dynamic adaptations. Further, the issues of elasticity is not addressed. A
similar method to achieve orchestration and choreography is proposed in [5]. The
author used the same chemistry model to achieve orchestration and choreogra-
phy. Next, the work in physics, focus achieving motion co-ordination, using the
notion of ‘Computational Fields’ [17]. However, the focus is distributed motion
co-ordination, not scientific workflow execution. A similar to technique to syn-
chronize the motion of ‘Unmanned aerial system (UAS)’ is proposed in [18]. The
author has used the notion of physics inspired co-fields to accomplish this func-
tionality. A similar physics inspired technique is proposed in [10]. The authors
also focus achieving a decentralized service composition in dynamic environ-
ments. However, the focus is not scientific workflow execution.

A cloud based middleware is proposed in [11]. It is a platform proposed to
elastically provision resources at run time. However, the main focus of [11] is not
scientific workflow execution in a decentralized environment. In [9], a compari-
son between the resource consumption between a high performance computing
machine and a cloud based environment is presented. The cloud experiments are
conducted on Amazon’s EC2. The author found, the resources provisioned from
the cloud were not that powerful as compared to a traditional high performance
computing machine. They found, though executing scientific workflow was ac-
ceptable, however the data transfer costs were high. This is one of the factors
we will be focusing in the future works. How to find an optimal balance between
resource and cost elasticity? [12] introduces the concept of scheduling data in-
tensive scientific workflows in a cloud based environment with virtual clusters.
The scheduling is based on the ‘iterative ordinal optimization’ algorithm. The
application of the algorithm produces a significantly lower processing overhead
involved in scheduling the workflows. In this paper, we also achieved a decen-
tralized workflow execution based on observable virtual clusters.

6 Conclusion and Future Work

In this paper, we introduced the membrane computing paradigm towards real-
izing a scientific workflow. The membranes acted independently, with a global
perspective, and provisioned resources autonomously. We validated our approach
over real services, on real virtualization platform within the computer labs of our
institute. We were able to demonstrate that the proposed methodology was ef-
fective in provisioning resources autonomously at run-time, thereby validating
the technique for an actual deployment. Future work in this direction includes
work towards extending the methodology towards incorporating mobile devices.
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Further, we are looking towards deploying the services on a grid based facility,
while provisioning resources from a public cloud. Finally, we propose to study
the effects of cost elasticity on resource provisioning.
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Abstract. The concept of a matter object being annihilated when meet-
ing its corresponding anti-matter object is investigated in the context
of P systems. Computational completeness can be obtained with using
only non-cooperative rules besides these matter /anti-matter annihilation
rules if these annihilation rules have priority over the other rules. With-
out this priority condition, in addition catalytic rules with one single
catalyst are needed to get computational completeness. Even determin-
istic systems are obtained in the accepting case. Allowing anti-matter
objects as input and/or output, we even get a computationally complete
computing model for computations on integer numbers. Interpreting se-
quences of symbols taken in from and/or sent out to the environment as
strings, we get a model for computations on strings, which can even be
interpreted as representations of elements of a group based on a com-
putable finite presentation.

1 Introduction

Membrane systems as introduced in [16] and usually called P systems can be con-
sidered as distributed multiset rewriting systems, where all objects — if possible
— evolve in parallel in the membrane regions and may be communicated through
the membranes. Overviews on this emerging field of research can be found in the
monograph [17] and the handbook of membrane systems [18]; for actual news
and results we refer to the P systems webpage [20]. Computational completeness
(computing any partial recursive relation on non-negative integers) can be ob-
tained with using cooperative rules or with catalytic rules (eventually) together
with non-cooperative rules. In this paper, we use another concept to avoid co-
operative rules in general: for any object a (matter), we consider its anti-object
(anti-matter) a~ as well as the corresponding annihilation rule aa™ — X, which
is assumed to exist in all membranes; this annihilation rule could be assumed
to remove a pair a,a” in zero time, but here we use these annihilation rules as
special non-cooperative rules having priority over all other rules in the sense of
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weak priority (e.g., see [2], i.e., other rules then also may be applied if objects
cannot be bound by some annihilation rule any more). The idea of anti-matter
has already been considered in another special variant of P systems with motiva-
tion coming from modeling neural activities, which are known as spiking neural
P systems; for example, spiking neural P systems with anti-matter (anti-spikes)
were already investigated in [15]. Moreover, in [6] the power of anti-matter for
solving NP-complete problems is exhibited.

As expected (for example, compare with the Geffert normal forms, see [19]),
the annihilation rules are rather powerful. Yet it is still surprising that using
matter/anti-matter annihilation rules as the only non-cooperative rules, with
the annihilation rules having priority, we already get computational complete-
ness without using any catalyst; without giving the annihilation rules priority, we
need one single catalyst. Even more surprising is the result that with priorities we
obtain deterministic systems in the case of accepting P systems. Allowing anti-
matter objects as input and/or output, we even get a computationally complete
computing model for computations on integer numbers. Finally, by interpreting
sequences of symbols taken in from and/or sent out to the environment as strings,
we also consider P systems with anti-matter as computing/accepting/generating
devices for string languages or even for languages over a group based on a com-
putable finite presentation.

2 Prerequisites

The set of integers is denoted by Z, while the set of non-negative integers by
N. Given an alphabet V', a finite non-empty set of abstract symbols, the free
monoid generated by V under the operation of concatenation is denoted by V*.
The elements of V* are called strings, the empty string is denoted by A, and
V*\{\} is denoted by V*. For an arbitrary alphabet {a1,...,a,}, the number
of occurrences of a symbol a; in a string = is denoted by |z|,,, while the length
of a string x is denoted by |z| = X, |z|s,. The Parikh vector associated with z
with respect to a1,...,a, 18 (|2]a;,- - -, |Z]a, ). The Parikh image of an arbitrary
language L over {aq,...,a,} is the set of all Parikh vectors of strings in L, and
is denoted by Ps(L). For a family of languages F'L, the family of Parikh images
of languages in F'L is denoted by PsF'L, while for families of languages over
a one-letter (d-letter) alphabet, the corresponding sets of non-negative integers
are denoted by NFL ( NYFL ).

A (finite) multiset over a (finite) alphabet V' = {ay,...,a,}, is a mapping f :
V' — N and can be represented by (a{(al), ey afl(a")> or by any string x for which
(|]ays-- -5 |2la,) = (f(ar),..., f(an)). In the following we will not distinguish
between a vector (mq,...,m,), a multiset (a]™*,...,ap") or a string x having
(|x]ays-- -5 |xla,) = (m1,...,my). Fixing the sequence of symbols ay,...,a, in
an alphabet V' in advance, the representation of the multiset (a{"*,...,a"") by
the string af"* ... a"" is unique. The set of all finite multisets over an alphabet

n

V' is denoted by V°.
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The family of regular and recursively enumerable string languages is denoted
by REG and RE, respectively. For more details of formal language theory the
reader is referred to the monographs and handbooks in this area as [5] and [19].

Register machines. A register machine is a tuple M = (m, B, lg, l},, P), where
m is the number of registers, B is a set of labels, [y € B is the initial label,
lp, € B is the final label, and P is the set of instructions bijectively labeled by
elements of B. The instructions of M can be of the following forms:

o [i: (ADD(j),lQ,Zg), with [; € B\{lh}, lo,l3 € B, 1 <j<m.
Increases the value of register j by one, followed by a non-deterministic jump
to instruction ls or l3. This instruction is usually called increment.

o [i: (SUB(j),lg,lg), with [ € B\{lh}, l2,l3 €B, 1< 7 <m.
If the value of register j is zero then jump to instruction l3; otherwise, the
value of register j is decreased by one, followed by a jump to instruction ls.
The two cases of this instruction are usually called zero-test and decrement,
respectively.

e [, : HALT'. Stops the execution of the register machine.

A configuration of a register machine is described by the contents of each register
and by the value of the current label, which indicates the next instruction to be
executed. Computations start by executing the instruction [y of P, and terminate
with reaching the HALT-instruction [j,.

3 P Systems

The basic ingredients of a (cell-like) P system are the membrane structure, the
multisets of objects placed in the membrane regions, and the evolution rules.
The membrane structure is a hierarchical arrangement of membranes, in which
the space between a membrane and the immediately inner membranes defines a
region/compartment. The outermost membrane is called the skin membrane, the
region outside is the environment. Each membrane can be labeled, and the label
(from a set Lab) will identify both the membrane and its region; the skin mem-
brane is identified by (the label) 1. The membrane structure can be represented
by an expression of correctly nested labeled parentheses, and also by a rooted
tree (with the label of a membrane in each node and the skin in the root). The
multisets of objects are placed in the compartments of the membrane structure
and usually represented by strings of the form.

The evolution rules are multiset rewriting rules of the form v — v, where
uw € 0° and v = (by,tary) ... (bg, tary) with b; € O° and tar; € {here,out,in}
or tar; € {here,out} U {in; | j € Lab}, 1 < i < k. Using such a rule means
“consuming” the objects of u and “producing” the objects from by, ..., bx of v,
where the target here means that the objects remain in the same region where
the rule is applied, out means that they are sent out of the respective membrane
(in this way, objects can also be sent to the environment, when the rule is applied
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in the skin region), in means that they are sent to one of the immediately inner
membranes, chosen in a non-deterministic way, and ¢n; means that they are
sent into the specified inner membrane. In general, the target indication here is
omitted.

Formally, a (cell-like) P system is a construct

I = (Ov:uvwlw ) 7wmaR17~-~7Rmalinalout)

where O is the alphabet of objects, u is the membrane structure (with m mem-
branes), wi,...,w,, are multisets of objects present in the m regions of p at
the beginning of a computation, Ry,..., R,, are finite sets of evolution rules,
associated with the regions of u, l;, is the label of the membrane region where
the inputs are put at the beginning of a computation, and l,,; indicates the
region from which the outputs are taken; l,,:/l;n being 0 indicates that the
output/input is taken from the environment.

If a rule w — v has |u| > 1, then it is called cooperative (abbreviated coo);
otherwise, it is called non-cooperative (abbreviated ncoo). In catalytic P systems
non-cooperative as well as catalytic rules of the form ca — cv are used, where
c is a catalyst — a special object that never evolves and never passes through a
membrane, but it just assists object a to evolve to the multiset v. In a purely
catalytic P system only catalytic rules are allowed. In both catalytic and purely
catalytic P systems, in their description O is replaced by O, C' in order to specify
those objects from O that are the catalysts in the set C.

The evolution rules are used in the non-deterministic maximally parallel way,
i.e., in any computation step of IT a multiset of rules is chosen from the sets
Ry, ..., Ry, in such a way that no further rule can be added to it so that the ob-
tained multiset would still be applicable to the existing objects in the membrane
regions 1,...,m. A configuration of a system is given by the membranes and the
objects present in the compartments of the system. Starting from a given initial
configuration and applying evolution rules as described above, we get transitions
among configurations; a sequence of transitions forms a computation. A compu-
tation is halting if it reaches a configuration where no rule can be applied any
more.

In the generative case, a halting computation has associated a result, in the
form of the number of objects present in membrane [,,; in the halting config-
uration (l;, can be omitted). In the accepting case, for l;, # 0, we accept all
(vectors of ) non-negative integers whose input, given as the corresponding num-
bers of objects in membrane [;,, leads to a halting computation (I,,; can be
omitted). For the input being taken from the environment, i.e., for I;,, = 0, we
need an additional target indication come; (a,come) means that the object a
is taken into the skin from the environment (all objects there are assumed to
be available in an unbounded number). The multiset of all objects taken from
the environment during a halting computation then is the multiset accepted by
this accepting P system, which in this case we shall call a P automaton [4].
The set of non-negative integers and the set of (Parikh) vectors of non-negative
integers generated/accepted/accepted in the automaton way as results of halt-
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ing computations in II are denoted by Ny(II) and Pss(II), respectively, with
d € {gen,acc, aut}.

A P system IT can also be considered as a system computing a partial re-
cursive function (in the deterministic case) or even a partial recursive relation
(in the non-deterministic case), with the input being given in a membrane re-
gion l;, # 0 as in the accepting case or being taken from the environment as in
the automaton case. The corresponding functions/relations computed by halt-
ing computations in IT are denoted by ZY,, (IT), Z € {Fun, Rel}, Y € {N, Ps},
a € {acc, aut}.

Computational completeness for (generating) catalytic P systems can be
achieved when using two catalysts or with three catalysts in purely catalytic P
systems, and the same number of catalysts is needed for P automata; in accepting
P systems, the number of catalysts increases with the number of components in
the vectors of natural numbers to be analyzed [8]. It is a long-time open problem
how to characterize the families of sets of (vectors of ) natural numbers generated
by (purely) catalytic P systems with only one (two) catalysts. Using additional
control mechanisms as, for example, priorities or promoters/inhibitors, P systems
with only one (two) catalyst(s) can be shown to be computationally complete,
e.g., see Chapter 4 in [18]. Last year several other variants of control mechanism
have been shown to lead to computational completeness in (purely) catalytic P
systems using only one (two) catalyst(s), see [7], [10], and [11]. In this paper we
are going to investigate the power of using matter/antimatter annihilation rules
— with the astonishing result, that no catalysts are needed any more in case the
annihilation rules have weak priority over the other rules.

The family of sets Y5 (II), Y € {N, Ps}, 0 € {gen,acc,aut}, computed by
(purely) catalytic P systems with at most m membranes and at most & catalysts
is denoted by Y;0P,, (caty) ( YsOP,, (pcaty,) ). The following characterizations
are known:

Theorem 1. For anym >1,d > 1, § € {gen, aut},

P54ccOPy, (catyyo) = PsaecOP,, (peatyys) = NeRE.
PssOP,, (caty) = PssOP,, (pcats) = PsRE.

4 Using Matter and Anti-Matter

This concept to be used in (catalytic) P systems is a direct generalization of the
idea of anti-spikes from spiking neural P systems (see [15]): for each object a we
introduce the anti-matter object a=. We can look at these anti-matter objects
a~ as objects of their own or else we may extend the notion of a (finite) multiset
over the (finite) alphabet V, V = {ay,- - ,a,}, as a mapping f : V — N to a
mapping f : V — Z now also allowing negative values. In a usual way, such an

{(al), e ,afl(a”)>. A unique string

extended multiset on Z is represented by <a
representation for such an extended multiset is obtained by assigning a string

over the (ordered) alphabet (aj,a17,- - ,an,a,”) as ap @) ... q, f(@n) guch that
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(a;)”™, m > 0, is represented by (a; 7)™, 1 <4 < n. Any other string having the
same Parikh vector with respect to the (ordered) alphabet (aj, a1, - ,an,an ")
can be used for representing the multiset given by f as well.

As in spiking neural P systems with anti-spikes, also in cell-like P systems
we might consider the annihilation of matter and anti-matter objects to happen
in zero-time or in an intermediate step between normal derivation steps in the
maximally parallel mode. Whenever related matter a and anti-matter a~ meet,
they annihilate each other, as, for example, in an extended multiset on Z matter
a and anti-matter a~ cannot exist at the same moment, hence, also not in a
string representing an extended multiset on Z.

Yet in this paper we consider both objects and anti-objects to be handled
by usual evolution rules; the annihilation of matter and anti-matter objects
then corresponds to an application of the (non-context-free!) rule aa= — A. In
contrast to the case described above, now in an instantaneous description of a
configuration of a P system both matter and anti-matter objects may appear.
When working with context-free or catalytic rules over an (ordered) alphabet
(a1,a17 -+ ,an,a,” ), we may give the matter/anti-matter annihilation rules
weak priority over all other rules — in order to not have matter a and anti-
matter a~ in some configuration at the same moment and let them “survive”
for longer.

We now consider catalytic P systems extended by also allowing for annihila-
tion rules aa”™ — A, with these rules having weak priority over all other rules,
i.e., other rules can only be applied if no annihilation rule could still bind the cor-
responding objects. The family of sets Y5 (IT), Y € {N, Ps}, § € {gen, acc, aut},
and the family of functions/relations ZY, (II), Z € {Fun, Rel}, a € {acc, aut},
computed by such extended P systems with at most m membranes and k cata-
lysts is denoted by YO Py, (cat(k), antim/pri) and ZY,O Py, (cat(k), antim/pri);
we omit /pri for the families without priorities.

The matter/anti-matter annihilation rules are so powerful that we only need
the minimum number of catalysts, i.e., zero!

Theorem 2. For anyn > 1, k > 0, Y € {N,Ps}, § € {gen,acc,aut}, a €
{acc,aut}, and Z € {Fun, Rel},

Y50P, (cat(k),antim/pri) = YRE and
ZY,OP, (cat(k), antim/pri) = ZY RE.

Proof. Let M = (m, B,lo, I, P) be a register machine. We now construct a one-
membrane P system, initially containing only the object Iy, which simulates M.
The contents of register r is represented by the number of copies of the object a,.,
1 < r < m, and for each object a, we also consider the corresponding anti-object
a, . The instructions of M are simulated as follows:

o [y (ADD (]) ,12,13), with [; € B\{lh}, lo,lz€ B, 1 <j<m.
Simulated by the rules

l1 = arls and 11 — a,l3.
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e [ (SUB(T),127Z3), with [; € B\{lh}, lo,ls€ B, 1 <r <m.
As rules common for all simulations of SUB-instructions, we have

ar~ = # ,1<r<m,
and the annihilation rules
ara.” — A, 1 <r<m, and ## — A
as well as the trap rules

#7 = # and # — 77

these last two rules lead the system into an infinite computation whenever
a trap symbol is left without being annihilated.
The zero test for instruction [y is simulated by the rules

ll — lllar_ and lll — #lg

The symbol # generated by the second rule [; — #l3 can only be elimi-
nated if the anti-matter a,~ generated by the first rule [y — ly'a,~ is not
annihilated by a., i.e., only if register r is empty.

The decrement case for instruction [y is simulated by the rule

ll — l2a7~_.

The anti-matter a,~ either correctly annihilates one matter a, thus decre-
menting the register r or else traps an incorrect guess by forcing the symbol
a,~ to evolve to #~ and then to #+# in the next two steps in case register
r is empty.
e [ : HALT. Simulated by I, — A.

When the computation in M halts, the object [, is removed, and no further
rules can be applied provided the simulation has been carried out correctly,
i.e., if no trap symbols # are present in this situation. The remaining objects
in the system represent the result computed by M. ]

Without this priority of the annihilation rules, the construction is not work-
ing, hence, a characterization of the families Y;0P, (ncoo,antim) as well as
ZY,OP, (ncoo,antim) remains as an open problem. Yet in addition using cat-
alytic rules with one catalyst again allows us to obtain computational complete-
ness:

Theorem 3. For anyn > 1, k > 1, Y € {N,Ps}, § € {gen,acc,aut}, a €
{acc,aut}, and Z € {Fun, Rel},

YsOP, (cat(k),antim) =Y RE  and
ZY,OP, (cat(k),antim) = ZY RE.
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Proof. We again consider a register machine M = (m, B,lg, !}, P) as in the
previous proof, and construct the catalytic P system

H = (07{6}7[ ]17Cl0,R1,lin,1) Wlth
O={ar,a, |1<r<m}U{l,U,l"|l€BYU{# # ,d},

with the single catalyst ¢ in the skin membrane. The results now are sent to the
environment, in order not to have to count the catalyst in the skin membrane;
for that purpose, we simply use the rule a; — (a;, out) for the output symbols
a; (we assume that output registers of M are only incremented).

For each ADD-instruction l1 : (ADD (j),l2,13) in P, we again take the rules

l1 = arly and I — a,l3.
For each SUB-instruction I : (SUB (r),l2,13), we now consider the four rules

l1 — lsa,—,
Iy = lYda,,
I =1, and
I — #ls.

As rules common for all SUB-instructions, we again add the matter/antimatter
annihilation rules

arar.~ — Xand #H — A

as well as the trap rules

# — ## and # — #H#,

but in addition, also

d — ##

as well as the catalytic rules
cd — cand ca,” = c#,1<r<m.

The decrement case is simulated as in the previous proof, by using the rule
l1 — lza,~ and then applying the annihilation rule a,a,~ — A. The zero-test
now is initiated with the rule I; — 1% da,~ thus introducing the (dummy) symbol
d which keeps the catalyst busy for one step, where the catalytic rule ¢d — ¢
has to be applied in order to avoid the application of the trap rule d — ##.
If register r is empty, then a,,~ cannot be annihilated and therefore evolves to
#~ in the third step by the application of the catalytic rule ca,~ — c¢#~, which
symbol #~ afterwards annihilates the symbol # generated by the rule I} — #1,
in the same step; if register r is not empty, a,~ is annihilated by some copy
of a, already in the first step, hence, the trap symbol # generated by the rule
i — #li does not find its anti-matter #~ and therefore evolves to #+#, thus
leading to an infinite computation. Altough the annihilation rule a,a,~ — X now
does not have priority over the catalytic rule ca,” — c#~, maximal parallelism
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enforces ara,.~ — A to be applied, if possible, already in the first step instead of
ca,” — c#~, as in a successful derivation the catalyst c¢ first has to eliminate
the dummy symbol d.

The rule I, — X\ is applied at the end of a successful simulation of the instruc-
tions of the register machine M, and the computation halts if no trap symbol
# is present; the symbols sent out to the environment during the computation

represent the result of this halting computation. ]

In the accepting case, with priorities, we can even simulate the actions of a
deterministic register machine in a deterministic way, i.e., for each configuration
of the system, there can be at most one multiset of rules applicable to it.

Theorem 4. For anyn >1, k>0, andY € {N, Ps},

YaetaccO Py (cat(k), antim/pri) = Y RE and
FunYgetaccOPy, (cat(k), antim/pri) = FunY RE.

Proof. We only show how the SUB-instructions of a register machine M =
(m, B’,lo,lp, P) can be simulated in a deterministic way without introducing
a trap symbol and therefore causing infinite loops by them:

Let B={l|l:(SUB(r),l',l"”) € P} and, for every register r,

M,

M,~

f\l:(SUB(r),l’,l”)ep}, M, = Z|z;(SUB(r),z',z")ep},
[~ |1: (SUB(r),I',l") € P} N =L suB@), v € P}.

We now take the rules o
a,” — M, M,
and the annihilation rules a,a,~ — X for every register r as well as [I= = X and

Il — Xfor all | € B. Then a SUB-instruction /; : (SUB(r),ls,13), with [ € B,
la,l3 € B', 1 <r < m, is simulated by the rules

ll — l1a7»7~, ~

Iy — lli(Mr \{ 1~})

1~ — ZQ(Mri \ {lli}), and
L™ = (M, \ {lLi"}).

The symbol I~ generated by the second rule is eliminated again and replaced
by {1~ if @~ is not annihilated (which indicates that the register is empty). O

5 When Matter/Anti-Matter Annihilation Generates
Energy

The matter/anti-matter annihilation may also be assumed to result in the gener-
ation of a specific amount of “energy”, which is also well motivated by physics.
In the definitions of these systems, the matter/anti-matter annihilation rules
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ara,.~ — A are replaced by a,a,.” — e where e is a symbol denoting this special
amount of energy.

The family of sets Y5 (IT), Y € {N,Ps}, § € {gen,acc,aut}, and the set
of functions/relations ZY, (II), Z € {Fun,Rel}, a € {acc,aut}, computed
by such P systems with at most m membranes and k catalysts is denoted by
Y50P,, (cat(k), antimen/pri) and ZY,OP,, (cat(k), antimen/pri); we omit /pri
for the families without priorities.

The following results are immediate consequences of the corresponding Theo-
rems 2 and 4 — in both cases, each matter/anti-matter annihilation rule zz— — A
is replaced by xx~ — e where e is this symbol denoting a special amount of en-
ergy, and, in addition, we add the rule e — A:

Corollary 1. For anyn > 1, k > 0, Y € {N, Ps}, 0 € {gen,acc,aut}, o €
{acc, aut}, and Z € {Fun, Rel},

Y5OP, (cat(k),antimen/pri) = Y RE and
ZY,OP, (cat(k),antimen/pri) = ZY RE.

Corollary 2. Foranyn>1,k>0, andY € {N, Ps},

YietaccO Py, (cat(k), antimen/pri) = YRE and
FunYgetaccOPy, (cat(k), antimen/pri) = FunY RE.

But we can even show more, i.e., omitting the rule e — X\ and leaving the
amount of energy represented by the number of copies of e in the system, the
energy inside the system at the end of a successful computation is a direct
measure for the number of SUB-instructions simulated by the P system or even
a measure for the number of all instructions which were simulated.

Corollary 3. The construction in the proof of Theorem 2 can be adapted in
such a way that the simulation of each instruction of the register machine takes
exactly three steps (including the annihilation rules), and moreover, the number
of energy objects e at the end of a successful computation exactly equals the
number of instructions simulated.

Proof. Let M = (m, B,ly,ln, P) be a register machine. Following the construc-
tion given in the proof of Theorem 2, the instructions of M now can be simulated
as follows:

o [q: (ADD (]) ,lg,lg), with [, € B\ {lh}, lo,lse B, 1<j<m.
Simulated by the rules
ll — ll/7
lll — 11”,
lll/ — 60,,«127
llﬁ — 6arlg.
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e [ (SUB(T),127Z3), with [; € B\{lh}, lo,ls€ B, 1 <r <m.
As rules common for all simulations of SUB-instructions, we have

ar” = #,1<r<m,
ara,” —e, 1 <r<m,
#H#H e,
#T =
# — #H#.

The zero test for instruction [y is simulated by the rules

1 — lllar_,
ll/ — #l1”, and
ll// — 13;

e the symbol # generated by the second rule Iy’ — #0;” can only be
eliminated if the anti-matter a,~ generated by the first rule {1 — I;'a,~
is not annihilated by a,, i.e., only if register r is empty; e is generated

by ##~ —e.

The decrement case for instruction [y is simulated by the rules

I — ha,
ll — lll’
l/l — ZQ;

e here,; e is generated by a,.a,.” — e.

e [ : HALT. Simulated by the rules

lh — lh/,

In each case, exactly one symbol e is generated during each cycle of three
steps simulating an instruction of M. O

Remark 1. Let M be a register machine and
RS(M) ={(n,m) | n € L(M),n is computed by M in m steps}.

Then, according to [3], RS is recursive. Hence, although L(M) may not be
recursive, RS(M) is recursive in any case.

Now let L € NRE and L = L (M) for a register machine M. Following the
construction given in the proof of Corollary 3, we can construct a P system with
energy IT such that Ps(II) = RS(M).
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6 Computing with Integers

As already discussed in Section 4, given an alphabet V = {ay, -+ ,aq} we may
extend the notion of a (finite) multiset over V| as a mapping f : V — N to a
mapping f : V — Z now also allowing negative values, with a unique string
representation for such an extended multiset being obtained by assigning a string
over the (ordered) alphabet (aj,a17, -+ ,aq4,aq” ) as apf@) ... g f(ad) guch that
(a;)”™, m > 0, is represented by (a;~)", 1 < i < d. Besides this canonical
representation of f by the string a1/ ... a4/(@4)  any other string having the
same Parikh vector with respect to the (ordered) alphabet (a1,a17, -+ ,aq,aq")
can be used for representing the multiset given by f as well. Acoording to these
definitions, matter and related anti-matter cannot be present in the same string
or multiset over the alphabet {a1,a17, -+ ,aq,a4~ }. Obviously, their is a one-
to-one correspondence between vectors from Z¢ and the corresponding Parikh
vectors over (ay,a;”,- -+ ,aq,aq” ), which can also be viewed as vectors over Z2¢:
for any of these vectors v = (vq,vs, -+ ,U24—1,V24), we have either ve;_1 = 0 or
vg; = 0 (or both), for all 1 < <d.

In order to specify that now we are dealing with d-dimensional vectors of
integer numbers, we use the notation Ps%: the family of sets of integer numbers
Ps?i (IT), § € {gen,acc,aut}, and the set of functions/relations ZPséd (),
Z € {Fun,Rel}, a € {acc,aut}, computed by such P systems with at most
m membranes and k catalysts is denoted by Ps%d OP,, (cat(k),antim/pri) and
Z PsdePm (cat(k), antim/pri); we omit /pri for the families without priorities.
Moreover, the family of recursively enumerable sets of integer numbers is denoted
by pst’ RE, the corresponding functions/relations by ZPs’"RE.

Theorem 5. For any d > 1 we have that:

— for anyn > 1, k > 0, § € {gen,acc,aut}, a € {acc,aut}, and Z €
{Fun, Rel},

Ps?dOPn (cat(k), antim/pri) = Ps“'RE and
ZPs%LdOPn (cat(k), antim/pri) = ZPs” RE;

— foranyn >1, and k > 0,

Psﬁjmcopn (cat(k),antim/pri) = Ps“RE and
FunPs%ZtaCCOPn (cat(k), antim/pri) = FunZPs™ RE.

Proof. As we have shown in Section 4, all variants of P systems with anti-
matter mentioned in the theorem are computationally complete when dealing
with multisets over any arbitrary alphabet, being able to simulate the actions
of a register machine. Hence, as any d-dimensional vector of integer numbers
can be represented by a 2d-dimensional vector of non-negative integers, which
can be processed in the usual way by register machines and thus simulated by
all the variants of P systems with anti-matter mentioned in the theorem, we
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only have to solve the technical detail how to get this 2d-dimensional vector
of non-negative integers from a given d-dimensional vector of integer numbers
represented by symbols over the (ordered) alphabet (a1,a17, - ,aq4,aq " ): given
the input in an input membrane # 0, we there just make a first step using
in parallel the non-cooperative rules a; — [a;,+] and a;7 — [a;,—], 1 < < d.
Then the multisets over these symbols can be handled in the usual way, now both
of them having the corresponding anti-matter objects [a;,+]  and [a;,—] . In
a similar way, we can take the input from the environment by using rules of
the form ¢ — p (a;, come) [a;, +] or ¢ — p(a;~, come) [a;, —] where g, p represent
states of the register machine. The symbols a; and a;~ then are not needed any
more and can be eliminated by the rules a; — A and a;~ — A. The remaining
computations in the respective P system then can be carried out by simulating
the actions of a register machine. ]

7 Computing with Languages

P systems with anti-matter, as most of the computationally complete variants of
P systems, can also be considered as language generating devices — the objects
sent out can be concatenated to strings over a given alphabet, and the objects
taken in during a halting computation can be assumed to form a string. For
sake of simplicity, we may assume that in each computation step, at most one
symbol is sent out or taken in; otherwise, as usual, e.g., see [4], we may take
any permutation of the symbols sent out or taken in to be part of a string to be
considered as output or input, respectively. Obviously, according to this method
of getting an input string, for the accepting case only the automaton variant is
to be considered now, as otherwise we would have to take an encoding of the
input string by a multiset.

7.1 Languages over Strings

Let V be a finite alphabet. The set of strings (over V') generated or accepted
(in the sense of automata) by a P system with anti-matter IT is denoted by
LY (IT), § € {gen,aut}, the function/relation computed by II is denoted by
ZLY (I), Z € {Fun,Rel}. The family of sets LY (II), § € {gen,aut}, and

the family of functions/relations ZLY , (IT), Z € {Fun, Rel}, computed by
such P systems with at most m membranes and k catalysts is denoted by
LY OP,, (cat(k),antim/pri) and ZLY,,OP,, (cat(k), antim/pri), respectively; we
omit /pri for the families without priorities; cat (0) is used as a synonym for ncoo.
If the alphabet is arbitrary, we omit the superscript V' in these notations. More-
over, the languages over V in RE are denoted by REY, the corresponding family

of functions/relations by ZREV .

The use of anti-matter and of matter/anti-matter annihilation rules (having
priority over other rules) allows us to give a simple example how to generate an
even non-context-free string language:
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Example 1. Consider the P system with anti-matter

I =(0,[ |i,q1, R, 1) where

o {a,b,C}U{bi,Ci}U{ql,q27Q3},

Ry ={aq1 = 42,02 = q3,93 > A\, q1 = q1 (a,come) b™c™ }
U {g2 — g2 (b, come) , g3 — g3 (c,come)}
Ufa—= AN U{z—z,27 a2 ,22” = |z e{bc}}.

The reader may easily verify that
L () = {a"be" | n > 0}

aut

For each symbol a taken in with state ¢; (which is eliminated in the next step
by a — A) using the rule ¢y — ¢ (a,come)b” ¢, an anti-matter object for
both b and c is generated. The anti-matter objects b~ are eliminated in state
g2, and afterwards the anti-matter objects ¢~ are eliminated in state g3. The
computation only halts (with empty skin membrane) after having used the rule
g3 — A if and only if an equal number of objects a, b, and ¢ has been taken in, as
otherwise, the rules x — x or = — 27, & € {b, ¢}, keep the system in an infinite
loop if too many x or not enough z have been taken in, respectively. Observe
that this system also works if we do not require priority of the annihilation rules,
but then, for each successful computation accepting the string a"b"c™, n > 1,
there exist inifinite computations where we use one of the rules =~ — ™~ again
and again instead of letting £~ being annihilated by xz~ — A. Hence, we may
say that

{a"b"c" | n >0} € LI O Py (ncoo) .

aut

Theorem 6. For any arbitrary alphabet V' we have that:
— foranyn>1, k>0, 6 € {gen,aut}, and Z € {Fun, Rel},

LYOP, (cat(k),antim/pri) = REY and
ZLY ,OP, (cat(k),antim/pri) = ZREV;

aut
— foranyn>1,k>1,6 € {gen,aut}, and Z € {Fun, Rel},

LYOP, (cat(k),antim) = REV  and
ZLY ,OP, (cat(k),antim) = ZREV .

Proof. As we have shown in Section 4, all variants of P systems with anti-
matter mentioned in the theorem are computationally complete when dealing
with multisets, being able to simulate the actions of a register machine. Hence, by
well-known techniques, input symbols composing an input string can be encoded
as numbers in an input register and thus as a multiset in the simulating P
system with anti-matter. In the same way, the results of a computation in the
P system can be decoded from the multiset representing the output register of
the underlying register machine. An input symbol a € V is taken in by rules of
the form g — p (a, come) where g, p represent states of the register machine, and
sent out by rules of the form ¢ — p (a, out). O
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7.2 Languages over Computable Finite Presentations of Groups

Strings may be used in a wider sense as representations of group elements. In
order to establish these more general results, we first need some definitions and
examples from group theory, e.g., see [12].

Groups and Group Presentations Let G = (G’,0) be a group with group
operation o. As is well-known, the group axioms are

— closure: for any a,b € G', aob e G,

— associatiwity: for any a,b,c € G', (aob)oc=ao (boc),

— identity: there exists a (unique) element e € G’, called the identity, such
that eoa =aoe=a for all a € G’, and

— invertibility: for any a € G, there exists a (unique) element a1, called the
inverse of a, such that aoa ™! =a"loa=ce.

Moreover, the group is called commutative, if for any a,b € G', aob=boa.
In the following, we will not distinguish between G’ and G if the group operation
is obvious from the context.

For any element b € G’, the order of b is the smallest number n € N such
that b™ = e provided such an n exists, and then we write ord (b) = n; if no such
n exists, {b" | n > 1} is an infinite subset of G’ and we write ord (b) = co.

For any set B, B! is defined as the set of symbols representing the inverses
of the elements of B, i.e., B~ = {b~! | b € B}. We now consider the strings in

(B U B_l)* and two strings as different unless their equality follows from the
group axioms, i.e., for any a, b, c € (B U B_l)*7 aobob loc=aoc; using these
reductions, we obtain a set of irreducible strings from those in (B UB’l)*,
the set of which we denote by I (B). Then the free group generated by B is
F(B) = (I (B),o) with the elements being the irreducible strings over BU B~*
and the group operation to be interpreted as the usual string concatenation,
yet, obviously, if we concatenate two elements from I (B), the resulting string
eventually has to be reduced again. The identity in F'(B) is the empty string.

In general, B (not containing the identity) is called a generator of the group
G if every element a from G can be written as a finite product/sum of elements
from B, i.e., a = by o---0 by, for by,...,b, € B. In this paper, we restrict
ourselves to finitely presented groups, i.e., having a finite presentation (B | R)
with B being a finite generator set and moreover, R being a finite set of relations
among these generators. In a similar way as in the definition of the free group
generated by B, we here consider the strings in B* reduced according to the
group axioms and the relations given in R. Informally, the group G = (B | R) is
the largest one generated by B subject only to the group axioms and the relations
in R. Formally, we will restrict ourselves to relations of the form bjo- - -0b,, = ¢!
with b1, ...,by,c € B, which equivalently may be written as byo---0b,, 0c =¢;
hence, instead of such relations we may specify R by strings over B yielding the
group identity, i.e., instead of by o --- 0 b,, = c¢~! we take by o --- 0 b, oc (these
strings then are called relators).
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Ezample 2. The free group F (B) = (I (B), o) can be written as (B | 0) (or even
simpler as (B)) because it has no restricting relations.

Ezample 3. The cyclic group of order n has the presentation ({a} | {a™}) (or,
omitting the set brackets, written as (a | a™)); it is also known as Z,, or as the
quotient group Z/Z,,.

Ezample 4. 7 is a special case of an Abelian group generated by (1) and its
inverse (—1), i.e., Z is the free group generated by (1). Z? is an Abelian group
generated by the unit vectors (0, ...,1,...,0) and their inverses (0,...,—1,...,0).
It is well known that every finitely generated Abelian group is a direct sum of a
torsion group and a free Abelian group where the torsion group may be written
as a direct sum of finitely many groups of the form Z/p*Z for p being a prime,
and the free Abelian group is a direct sum of finitely many copies of Z.

Example 5. A very well-known example for a non-Abelian group is the hexagonal
group with the finite presentation <a, b,c|a? b?, C2>. All three generators a, b, ¢
are self-inverse.

Remark 2. Unfortunately, given a finite presentation of a group (B | R), in gen-
eral it is not even decidable whether the group presented in that way is finite or
infinite. Hence, in this paper we restrict ourselves to infinite groups where the
word equivalence problem u = v is decidable, or equivalently, there is a decision
procedure telling us whether, given two strings v and v, uov™! = e. In that
case, we call (B | R) a recursive or computable finite group presentation.

As a first example we now consider the set (“language”) of all one-dimensional
vectors:

Example 6. Consider the P system

I = ({quq+7q7>qh}7[ ]17QO5R17 1) where
Ry ={q0 = qn:q+ = qn,q- — qn}
U {g — (+1)qy,q+ = (+1)qy,q0 = (=1)g—,q— — (=1)g_}.

In order to generate the empty string, corresponding with the zero-vector (0), we
simply apply go — ¢n. We may also choose to generate a positive or a negative
vector, i.e., we start with go — (+1)g4 or g9 — (—1)g—_, respectively. After n—1
applications of the rules ¢y — (+1)gs and g— — (—1)g_ as well as of the final
rule ¢ — g or g— — qp, respectively, we have sent out a string representing
the unique irreducible representation of the vector (+n) or (—n), respectively.

Remark 3. The reader may easily verify that, given any finitely generated Abelian
group, such a regular P system exists which generates all strings representing
the (unique, with respect to a complete order on the positive generators) irre-
ducible representations of the group elements. For non-commutative groups with
relators, such trivial representations are not possible.
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If we do not require irreducibility of the string sent out to the environment,
then of course, for any finitely generated group, we can generate representations
of all its elements very easily:

Ezample 7. Given a finite presentation of a group (B | R), with B~ = B, con-
sider the P system

II = ({qo}, [ 1,90, R1,1) where
Ry ={q — A} U{q — 9q0 | g € B}.

Most of the strings sent out now will not be reduced.

Remark 4. In general, as long as we have given the group by a computable finite
presentation, for a mechanism having the full power of Turing computability,
we can require that the “strings” sent out to the environment are irreducible
ones. Hence, for a given recursively enumerable set L of elements over the com-
putable finite presentation (B | R) of a group, such a mechanism can generate
the irreducible string representations of the elements in L. Thus, the results col-
lected in the following theorem are obvious consequences of the results stated in
Theorem 6.

Let (B | R) be the computable finite presentation of a group. The set of
string representations (of elements of this group with respect to this finite pre-
sentation (B | R)) generated or accepted (in the sense of automata) by a P
system with anti-matter IT is denoted by L§B|R> (IT), § € {gen,aut}, the func-

tion/relation computed by IT is denoted by ZL BB (IT), Z € {Fun, Rel}. The

aut
family of sets LéB‘m (IT), § € {gen,aut}, and the family of functions/relations

Z LB (IT), Z € {Fun, Rel}, computed by such P systems with at most m

aut
membranes and k catalysts is denoted by L(<3B|R>OPm (cat(k), antim/pri) and
Zngt‘R)OPm (cat(k), antim/pri), respectively; we omit /pri for the families
without priorities. If the computable finite group presentation may be an ar-
bitrary one, we omit the superscript (B | R) in these notations. The family of
recursively enumerable sets of elements over the computable finite presentation
(B | R) of a group is denoted by RE(BI®) the corresponding family of recursively

enumerable functions/relations by ZRE‘BI®) | 7 € {Fun, Rel}.

Theorem 7. Let (B | R) be the computable finite presentation of a group. Then
we have that:

— foranyn>1,k>0,9d € {gen,aut}, and Z € {Fun, Rel},

LéB‘mOPn (cat(k), antim/pri) = RE(BI®) and
zLEPop, (cat(k), antim/pri) = ZREBIR);

aut

— foranyn>1,k>1,6¢€ {gen,aut}, and Z € {Fun, Rel},

L§B|R>0Pn (cat(k),antim) = RE(PIR)  and
ZLBPOP, (cat(k), antim) = ZREBIR).

aut
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Proof. As for string languages, all computations can be carried out by simulating
register machines, hence, again the results from Section 4 apply. Moreover, as
already mentioned in Remark 4, the additional computations can also be carried
out in this way, as (B | R) is computable. O

Remark 5. Let us mention that the results obtained in Theorem 7 for arbitrary
computable finite presentations (B | R) of a group can also be applied to the
infinite Abelian groups Z? with their canonical group presentations by the unit
vectors (0,...,1,...,0) and their inverses (0,...,—1,...,0). Keeping in mind that
there is a one-to-one correspondence between the representation of a vector in Z"
by a multiset of symbols and the corresponding string representing this multiset,
most of the results shown in Theorem 5 are special cases of the respective results
stated in Theorem 7.

8 Summary

We have shown that only non-cooperative rules together with matter/anti-matter
annihilation rules are needed to obtain computational completeness in P systems
working in the maximally parallel derivation mode if annihilation rules have weak
priority; without priorities, one catalyst is needed. In the case of accepting P sys-
tems we were able to even get deterministic systems. Allowing anti-matter ob-
jects as input and/or output, we have even obtained a computationally complete
computing model for computations on integer numbers. Interpreting sequences
of symbols taken in from and/or sent out to the environment, we have also got
a model for computations on strings, where strings can even be interpreted as
representations of elements of a group based on a computable finite presentation.

There may be a lot of other interesting models of P systems allowing for
introducing anti-matter objects and matter/anti-matter annihilation rules. Sev-
eral problems remain open even for the models presented here, for example, can
we avoid both catalysts and priorities. Moreover, the variants of P systems with
anti-matter computing on sets of integer numbers and on languages of strings,
even considered as representations of elements of a group based on a computable
finite presentation, deserve more detailed investigations.

Acknowledgements. The authors gratefully acknowledge the inspiring ideas and
discussions with Gheorghe Paun on the topics exhibited in this paper; even more
results on P systems with anti-matter can be found in [1].
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Abstract. Membrane systems (with symbol objects) are distributed
controlled multiset processing systems. Non-cooperative P systems with
either promoters or inhibitors (of weight not restricted to one) are known
to be computationally complete. Since recently, it is known that the
power of the deterministic subclass of such systems is subregular. We
present new results on the weight of promoters and inhibitors, as well as
characterizing the systems with priorities only.

1 Introduction

The most famous membrane computing model where determinism is a criterion
of universality versus decidability is the model of catalytic P systems, see [3]
and [6].

It is also known that non-cooperative rewriting P systems with either promot-
ers or inhibitors are computationally complete, [2]. Moreover, the proof satisfies
some additional properties:

— Either promoters of weight 2 or inhibitors of weight 2 are enough.

— The system is non-deterministic, but it restores the previous configuration
if the guess is wrong, which leads to correct simulations with probability 1.

Recently, in [1] we have shown that computational completeness cannot be
achieved by deterministic non-cooperative systems with promoters, inhibitors,
and priorities (in the maximally parallel or the asynchronous mode, unlike the
sequential mode), and characterized the corresponding classes:

61
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NFINUCcoNFIN = Ngeto OP{*"™ (ncoo, proy «,inhy )
= Ngeto OP]" P (ncoo, proy )
= Ngeto OP" P (ncoo,inhy )
= Nyeta OP;" (ncoo, (prog e, inhy ), ,pri)
= NaetaOP" """ (ncoo, (pros..,inh ., ,pri) , but
NRE = Ngeto OP " (ncoo, proy 1, inhy 1) .

A few interesting questions have been left open. For instance, what is the
power of P systems, e.g., in the maximally parallel mode, when we only use
priorities, or when we restrict the weight of the promoting/inhibiting multisets.
These are the questions we address in this paper.

2 Definitions

An alphabet is a finite non-empty set V' of abstract symbols. The free monoid
generated by V under the operation of concatenation is denoted by V*; the
empty string is denoted by A, and V* \ {\} is denoted by V. The set of non-
negative integers is denoted by N; N denotes the set of the non-negative integers
> k. A set S of non-negative integers is called co-finite if N\ S is finite. The
family of all finite (co-finite) sets of non-negative integers is denoted by NFIN
(coNFIN, respectively). The family of all recursively enumerable sets of non-
negative integers is denoted by NRE. In the following, we will use C both for
the subset as well as the submultiset relation.

Since flattening the membrane structure of a membrane system preserves
both determinism and the model, in the following we restrict ourselves to con-
sider membrane systems as one-region multiset rewriting systems.

A (one-region) membrane system (P system) is a tuple
H = (O,E,’LU7R/),

where O is a finite alphabet, ) C O is the input sub-alphabet, w € O* is a string
representing the initial multiset, and R’ is a set of rules of the form 7 : u — v,
u € 0t ve O

A configuration of the system IT is represented by a multiset of objects from
O contained in the region, the set of all configurations over O is denoted by
C(0). A rule r : w — v is applicable if the current configuration contains the
multiset specified by u. Furthermore, applicability may be controlled by context
conditions, specified by pairs of sets of multisets.

Definition 1. Let P;, Q; be (finite) sets of multisets over O, 1 < i <m. A rule
with context conditions (r, (P1,Q1), -, (Pm,Qm)) is applicable to a configura-
tion C if r is applicable, and there exists some j € {1,--- ,m} for which
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— there exists some p € P; such that p C C' and
—qZC forallge Q.

In words, context conditions are satisfied if there exists a pair of sets of
multisets (called promoter set and inhibitor set, respectively), such that at least
one multiset in the promoter set is a submultiset of the current configuration,
and no multiset in the inhibitor set is a submultiset of the current configuration.

Note 1. The definition above is taken from [1]. As it will be shown in Remark
2, without restricting generality, every set P; may be assumed to be a singleton.
The meaning of a set of promoters may be defined differently, replacing “there
exists some p € P;” by “for all p € P;” in the definition above. This alterna-
tive definition corresponds to definitions of sets as permitting context in string
rewriting models, yet, such a promoter set would be equivalent to a singleton
promoter which is a union of this set, so (unless we stress the descriptional com-
plexity) also in this case we do not need to deal with multi-element promoters.
In the rest of the paper we assume the first interpretation, as in the definition
above, noting that this variation does not influence results from [1] or those in
this paper.

Definition 2. A P system with context conditions and priorities on the rules
18 a construct
H = (07 E? w’ RI7 R7 >) k)

where (O, X, w, R") is a (one-region) P system as defined above, R is a set of
rules with context conditions and > is a priority relation on the rules in R; if
rule v’ has priority over rule v, denoted by r' > 7, then r cannot be applied if v’
is applicable.

Throughout the paper, we will use the word control to mean that at least
one of these features is allowed (context conditions or promoters or inhibitors
only and eventually priorities).

In the sequential mode (sequ), a computation step consists in the non-
deterministic application of one applicable rule r, replacing its left-hand side
(lhs(r)) by its right-hand side (rhs(r)). In the mazimally parallel mode
(mazxpar), multiple applicable rules may be chosen in a non-deterministic way
to be applied in parallel to the underlying configuration to disjoint submultisets,
possibly leaving some objects idle, under the condition that no further rule is
applicable to them (i.e., no supermultiset of the chosen multiset is applicable to
the same configuration). Maximal parallelism is the most common computation
mode in membrane computing, also see Definition 4.8 in [5]. In the asynchron-
uwous mode (asyn), any positive number of applicable rules may be chosen in a
non-deterministic way to be applied in parallel to disjoint submultisets in the un-
derlying configuration. The computation step between two configurations C' and
(" is denoted by C' = C’, thus yielding the binary relation =: C (O) x C(O). A
computation halts when there are no rules applicable to the current configuration
(halting configuration) in the corresponding mode.
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The computation of a generating P system starts with w, and its result is ||
if it halts; an accepting system starts with wa, € X*, and we say that |z| is its
results — is accepted — if it halts. The set of numbers generated/accepted by a
P system working in the mode « is the set of results of its computations for all
r € ¥* and denoted by Ng*(II) and Ng'(IT), respectively. The family of sets of
numbers generated/accepted by a family of (one-region) P systems with context
conditions and priorities on the rules with rules of type 8 working in the mode
« is denoted by NsOPY (B, (prog, inhy 1), ,pri) with § = g for the generating
and § = a for the accepting case; d denotes the maximal number m in the
rules with context conditions (7, (Py,@1), - , (Pm,@m)); k and k' denote the
maximum number of promoters/inhibitors in the P; and Q;, respectively; I and I/
indicate the maximum of weights of promotors and inhibitors, respectively. If any
of these numbers k, k¥, [, I’ is not bounded, we replace it by *. As types of rules
we are going to distinguish between cooperative (8 = coo) and non-cooperative
ones (i.e., the left-hand side of each rule is a single object; 5 = ncoo).

In the case of accepting systems, we also consider the idea of determinism,
which means that in each step of any computation at most one (multiset of)
rule(s) is applicable; in this case, we write deta for §.

In the literature, we find a lot of restricted variants of P systems with con-
text conditions and priorities on the rules, e.g., we may omit the priorities
or the context conditions completely. If in a rule (r, (P1,Q1),  , (Pm,@m))
we have m = 1, we say that (r,(P;,Q1)) is a rule with a simple con-
text condition, and we omit the inner parentheses in the notation. Moreover,
context conditions only using promoters are denoted by 7|y, .. ., meaning
(r,{p1, -+ ,pn},0), or, equivalently, (r, (p1,0),--- , (pn,?)); context conditions
only using inhibitors are denoted by |-, ... =g, , meaning (r, X\, {q1, - ,qn}), or
7|-{q1,- ,qn}- Likewise, a rule with both promoters and inhibitors can be speci-
fied as a rule with a simple context condition, i.e., 7|p, ... p..—q, =g, Stands for
(ri{p1, -+ yon},{@1, - ,qn}). Finally, promoters and inhibitors of weight one
are called atomic.

Remark 1. If we do not consider determinism, then (the effect of) the rule
(r,(P1,Q1), -, (Pn,Qm)) is equivalent to (the effect of) the collection of rules
{(r,P;,Q;) |1 <j<m}, no matter in which mode the P system is working
(obviously, the priority relation has to be adapted accordingly, too).

Remark 2. Let (r,{p1, - ,pn},Q) be a rule with a simple context condition;
then we claim that (the effect of) this rule is equivalent to (the effect of) the
collection of rules

{(rAp}, QuUip 1<k <jh[1<j<m}

even in the the case of a deterministic P system: If the first promoter is chosen
to make the rule r applicable, we do not care about the other promoters; if the
second promoter is chosen to make the rule r applicable, we do not allow p; to ap-
pear in the configuration, but do not care about the other promoters ps to p,,; in
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general, when promoter p; is chosen to make the rule r applicable, we do not al-
low p; to p;j_1 to appear in the configuration, but do not care about the other pro-
moters p;11 to p.,; finally, we have the rule {(r, {pm}, QU {px | 1 <k <m})}.
If adding {px | 1 <k < j} to Q has the effect of prohibiting the promotor p;
from enabling the rule r to be applied, this makes no harm as in this case one
of the promoters py, 1 < k < j, must have the possibility for enabling r to
be applied. By construction, the domains of the new context conditions now
are disjoint, so this transformation does not create (new) non-determinism. In a
similar way, this transformation may be performed on context conditions which
are not simple. Therefore, without restricting generality, the set of promoters
may be assumed to be a singleton. In this case, we may omit the braces of the
multiset notation for the promoter multiset and write (r, p, Q).

Remark 3. As in a P system (O, X, w, R', R,>) the set of rules R’ can easily
be deduced from the set of rules with context conditions R, we omit R’ in the
description of the P system. Moreover, for systems having only rules with a
simple context condition, we omit d in the description of the families of sets of
numbers and simply write

NsOP{ (B,prog,, inhy 1/, pri) .

Moreover, each control mechanism not used can be omitted, e.g., if no priorities
and only promoters are used, we only write NsOP{ (3, pro,).

3 Results

In this section we first recall several results from [1] and then we establish our
new results, first for deterministic P systems with non-cooperative rules and
only priorities as control mechanism, and then we characterize systems using
promoters or inhibitors of weight 2.

3.1 Recent Results

We first recall from [1] the bounding operation over multisets, with a parameter
k € N as follows:

for u € O*, by(u) = v with |v|, = min(|u|, , k) for all a € O.

The mapping by “crops” the multisets by removing copies of every object
a present in more than k copies until exactly k& remain. For two multisets
u, ', by (u) = by (u') if for every a € O, either |u|, = |[v/|, < k, or |u], > k
and |v'|, > k. Mapping bj induces an equivalence relation, mapping O* into
(k+ l)lo| equivalence classes. Each equivalence class corresponds to specifying,
for each a € O*, whether no copy, one copy, or --- k — 1 copies, or “k copies or
more” are present. We denote the range of by by {0,--- ,k}o.
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Lemma 1. [1] Context conditions are equivalent to predicates defined on bound-
mngs.

Theorem 1. [1] Priorities are subsumed by conditional contexts.

Remark 4. Tt is worth to note, see also [4], that if no other control is used, the
priorities can be mapped to sets of atomic inhibitors. Indeed, a rule is inhibited
precisely by the left side of each higher priority rule. This is straightforward in
case when the priority relation is assumed to be a partial order.

If this is not the case, then both the semantics of computations in P systems
and the reduction of priorities to inhibitors is a bit more complicated, but the
claim still holds.

Fix an arbitrary deterministic controlled non-cooperative P system. Take k
as the maximal size of all multisets in all context conditions. Then, the bounding
does not influence applicability of rules, and by (u) is halting if and only if u is
halting. We recall that bounding induces equivalence classes preserved by any
computation.

Lemma 2. [1] Assume u — x and v — y. Then by (u) = by, (v) implies by, (x) =

bi: ().
Corollary 1. [1] If by, (u) = by, (v), then u is accepted if and only if v is accepted.
Finally, the “at most NFIN UcoNFIN” part of characterizing
Nieta OP P (ncoo, (Prow s, inhy ), 7pm')
(the main theorem of [1]) is shown with the following argument:

Each equivalence class induced by bounding is completely accepted or
completely rejected. If no infinite equivalence class is accepted, then the
accepted set is finite (containing numbers not exceeding (k — 1) - |O|). If
at least one infinite equivalence class is accepted, then the rejected set
is finite (containing numbers not exceeding (k — 1) - |O|).

3.2 Deterministic Non-Cooperative P Systems with Priorities Only

We start with an example showing how an object ¢ can be rewritten in a deter-
ministic way depending on the presence or absence of an object a.

Ezxample 1.

H: ({a7A’ A/’t7t/’t+7t_}7 {a}7tA, R? >)’ Where
R={l:t—=t,2:a=> X\ 3: A=A 4:t' =t 5:t/ =t_, 6: A4 = A},
>={a=>A>A- A A A >t st A=A >t >t}
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Indeed, object t waits for one step by becoming ¢, while A will change to A’
or wait, depending on the presence of a. Then, object ¢’ becomes either ¢4 or t_,
depending on whether A or A’ is present. Notice, e.g., how adding either rule
ty — ¢4 orrule t_ — t_ leads to a system accepting {0} or N\ {0}. Of course,
accepting only zero could be done instead by a trivial one-rule system with the
rule @ — a, but this example is important because such a deciding subsystem
can be used, with suitable delays, as a building block for checking combinations
of presence/absence of multiple symbols.

We now proceed with characterizing systems with priorities only.
Theorem 2. Ngy.;oOP" """ (ncoo,pri) = {Ny, N, U{0} | £ > 0} U {{0},0}.

Proof. We already know that the priorities correspond to sets of atomic
inhibitors. This means that every system accepts a union of some equivalence
classes induced by bounding b; (i.e., checking presence/absence). Note that var-
ious combinations of “= 0” and “> 1”7 yield numeric sets {0} and Nj (where
k > 0 is the number of different symbols present). The family of all unions of
these sets is

Fp”' = {Nk,Nk U {0} | k> 0} U {{0}, @}
It follows that Ngeio OP;"**P*" (ncoo, pri) C Fy;.

We proceed with the converse inclusion. Let ITy = ({a,t},{a},t, R,>), then
R = {t — ¢t} and the empty relation > yield (). To accept {0}, it is enough to
instead set R = {a — a} and again take the empty relation >.

Now suppose we want to accept Ng. It suffices to count that we have at least
one of each objects aq, - - - , ay (we recall that we need to accept at least one input
of size j for each j > k, and to reject the input if j < k). To accept N U {0}
instead, we may perform a simultaneous check for absence of all input symbols.

Using the idea from Example 1, we now construct the system

II =(0,Y ={aio |1 <i<k},tAoo- - Ako, R,>), where
O={a;;|1<i<k 0<j<i+1}U{4;;[0<i<k 0<j<i+2}
U{tz,ptU{t; |0<i<k+1},
R=R,URAU Ry,
Ro={aij—aij|1<i<k 0<j<i}
Ry={Ai; > Aij1|1<i<Ek 0<j<i+1}
Ry={t—=tg, to—> 2 to—>t1, p—>ptU{ti = tix1, ti > p|1<i<k},
>={a;0 = a;1> Ao — A1 |1 <i <k}
U {Aoo — A1 >to— 2, Aoq — Aoz >to = t1}
Ufaii = aiit1 > A = A |1 <i <k}
U{Ai; = Aiiv1 >t =0, Aiig1 = Aiige >t =t | 1< <k}
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Such a system accepts exactly N U {0}. Indeed, after the first step, Ao is
present if all input symbols were absent, otherwise Ay ¢ is still present instead.
For any i, 1 < i <k, after step 1 + ¢, object A; ; is present if input symbol a; o
was present in the input, and otherwise A, ;11 is present instead. These “decision
symbols” are used by t;, 0 < i < k, to build the “presence picture”. We recall
that it suffices to accept when all input symbols are present, or when none is
present. In the second case, ty becomes z, and the computation only continues
by rules from R4, leading to halting. Now let us assume that the first s of the
input symbols are present, s < k. Then, ty becomes t¢; - - -, ts, yet at the end the
absence of ts11 causes ts to change into p, leading to an infinite computation.
But if all input symbols are present, then finally the computation halts with
thti1-

It remains to notice that accepting Ng, & > 1, can be done by simply adding
the rule z — z. (|

3.3 Deterministic Non-Cooperative P Systems with Promoters or
Inhibitors of Weight 2

We start from examples, illustrating the deterministic choice of rewriting p,
depending on whether object a is absent, occurs exactly once, or occurs multiple
times.

Ezample 2. Symbols A, B are primed if input is present (multiple input sym-
bols are present). Then primed and unprimed symbols form mutually exclusive
conditions.

11 = (O = {pap/ap//7p>7pl7p07 A7 B7 CL}, Y= {a}7pABa R)7 where
R={1:p—p,2: A= Al,, 3:B— B|aa,
d:p' = pslp, 5:p =", 6:0" = pila, T:p" = pola}.
Example 3. Notice that if we replace all promoters by inhibitors with the same
context, the effect of blocking rules will be reversed, but the result will be the

same. Indeed, the role of A’ and B’ will switch from found a and found aa,
respectively, to not found a and not found aa, respectively.

R={1:p—>yp,2: A= A, 3:B— B'|-ua,
4:p = pslop, 5:0 =" |-B, 6:0" = pi1]oar, T:p" = pol-a}.

We now proceed with characterizing systems with context of weight two.
Notice that we already know that their power does not exceed NFINUcoNFIN.

Theorem 3. Nyt OP" P (ncoo, prog) =
Neta OP P (ncoo,inhs) = NFIN UcoNFIN.
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Proof. We use the technique from Example 2 for all input symbols and
combine the extracted information. Consider an arbitrary finite set M, and let
max(M) = n. We will use the following strategy: to accept a number j € M, we
will accept an input multiset with exactly j symbols appearing once, and nothing
else. To accept the complement of M, we split it into sets M” = {j | j > n} and
M ={j|j<n, j¢ M}. While M’ is treated in a similar way as M, it only
remains to accept M”, which is covered by equivalence classes when all symbols
are present, and at least one is present more than once.

II=0,Y={a;|1<i<n},tA;---A,B; - By, R), where
O={tij,Tij,t; ;;T;;|1<i<n+1, 0<j<n}
U{A;, AL, B, Bl | 1 <i<n}U{t,#},

R={tij = Tiy1j41l; Tij = Tiv1j41lms tig =t 1B Tig — Ti 41,
ti; = tivngrilan, T = Tigagala, G — tiva
[1<i<n,0<j<n}

U{A4; = Alla,, Bi = Bllaja, | 1 <i<n}U{t = tio, # — #}

U{Ths1y = # |1 <i<npU{tpi; — # |5 ¢ M}

!
Ay Tij = Tiga

A;

The meaning of Tj,11,; is that exactly j input symbols are present, and at
least one of them is present multiple times. The meaning of ¢, ; is that the
input consisted of exactly j different symbols. This is how an arbitrary finite set
is accepted. To accept the complement of M, we replace j ¢ M by j € M and
remove rule T, ; — #. Therefore, deterministic P systems with promoters of
weight two accept exactly NFIN UcoNFIN.

For the inhibitor counterpart, notice that the computation of the number of
different symbols present, as well as checking if any symbol is present multiple
times, stays correct by simply changing promoters to the inhibitors with the same
condition, just like in Example 3. Rules processing objects ¢, ; and T}, ; will
have an opposite effect, accepting the complement of the set accepted by the
system with promoters, again yielding NFIN UcoNFIN. |

It is still open whether only inhibitors in the rules or only promoters in the
rules are sufficient to yield NFIN U coNFIN with the asynchronuous mode,
too.

4 Conclusion

We have shown characterizations of deterministic non-cooperative P systems
with singleton inhibitors of weight 2, with singleton promoters of weight 2, and
with priorities. The first two cases did not reduce the accepting power with
respect to (unrestricted cardinality of promoter/inhibitor sets and) unrestricted
weight of promoters/inhibitors.
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Abstract. We introduce the new concept of toxic objects, objects that
must not stay idle as otherwise the computation is abandoned without
yielding a result. P systems of many kinds using toxic objects allow for
smaller descriptional complexity, especially for smaller number of rules,
as trap rules can be avoided. Besides presenting a number of tiny P sys-
tems generating or accepting non-semilinear sets of (vectors of) natural
numbers with very small numbers of rules, we also improve the results
for catalytic and purely catalytic P systems: 14 rules for generating a
non-semilinear vector set and 29 rules for generating a non-semilinear
number set are sufficient when allowing only the minimal number of two
(three) catalysts; moreover, with using toxic objects, these numbers can
be reduced to 11 and 17. Yet only 23 rules — without using toxic objects
— are needed if we allow more catalysts, i.e., five (seven) catalysts.

1 Introduction

P systems using non-cooperative rules without any additional control have the
behaviour of E0L systems, but when only taking the results at halting means
that the objects evolve in a context-free manner, generating PsCF, which is
known (by Parikh’s theorem) to coincide with PsREG, i.e., to the family of
semilinear sets. In the accepting setup, P systems using non-cooperative rules
without any additional control are even weaker, accepting all multisets over some
subalphabet, or nothing, see [1].

In [2] we were interested in P systems able to generate or accept non-
semilinear sets of natural numbers or at least sets of vectors of natural numbers,
yet with as small ingredients as possible for different variants of P systems. Our
main focus was on the descriptional complexity of these P systems, i.e., on how
small the total number of rules may be, depending on the specific features of
particular models of P systems. As most of the models of P systems can be
shown to be computationally complete based on a simulation of the actions of
a register machine, even simple examples often turn out to be somehow more
complicated than the general proof.

71
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As an example of special interest we consider the case of (purely) catalytic
P systems: Ideas how to find good examples of catalytic P systems generating a
non-semilinear set of numbers were discussed intensively during the Fourteenth
International Conference on Membrane Computing (CMC 2013) in Chiginau,
especially by Petr Sosik and Rudolf Freund, based on a draft by Petr Sosik, and
most of them finally being included in his paper [21]. Some new observations just
found recently allowed us to reduce the number of rules again in a considerable
way, see Section 4.6. Using the concept of toxic objects allows for saving a lot
more rules. As a second interesting example we consider P systems with target
selection and give another example which shows how toxic objects may help to
save a lot of rules.

In this paper, we investigate the new concept of toxic objects (first mentioned
in [2]) which allows us to “kill” a computation branch if we cannot find a multiset
of rules covering all occurrences of toxic objects which then somehow become
“lethal” by killing such a computation. For all the proof techniques using a trap
symbol # to “kill” a computation by introducing the trap symbol # with a
non-cooperative rule a — #, the concept of toxic objects allows us to save most
of the trap rules, thus improving the descriptional complexity of the underlying
P systems.

The rest of the paper is organized as follows: We first recall the basic def-
initions from formal language theory as well as the definitions for the most
important variants of P systems considered later. Then we present examples
with a small number of rules for variants of P systems generating or accepting a
non-semilinear set of natural numbers or of vectors of natural numbers with only
a few rules, especially for the maximally parallel derivation mode, explained in
more detail in [2]. As a specific example for a variant of P systems where the use
of toxic objects allows for saving a lot of rules we consider P systems with label
selection. Then, for the catalytic and purely catalytic P systems, we improve
previous results established in [21] and [22].

2 Definitions

In this section we first recall the basic notions from formal language theory
needed in this paper and then the definitions of the basic variants of P systems
considered in the following sections. For more details in formal language theory
we refer the reader to the standard monographs and textbooks as [19] and for
the area of regulated rewriting to [8]. All the main definitions and results for P
systems can be found in [16] and [17]; only specific notations and models not yet
to be found there will be explained in more detail in this paper, especially the
new idea of “toxic objects”, which will be explained and studied in Section 4. For
actual informations and new developments in the area of membrane computing
we refer to the P systems webpage [23].
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2.1 Prerequisites

The set of non-negative integers (natural numbers) is denoted by N. An alphabet
V is a finite non-empty set of abstract symbols. Given V, the free monoid gener-
ated by V under the operation of concatenation is denoted by V*; the elements
of V* are called strings, and the empty string is denoted by A; V*\{\} is denoted
by V*. Let {a1, - ,a,} be an arbitrary alphabet; the number of occurrences
of a symbol ¢; in a string = is denoted by |x|ai; the Parikh vector associated
with = with respect to ai,---,an is (|2, , - ,|z|, ). The Parikh image of a
language L over {ai,---,a,} is the set of all Parikh vectors of strings in L,
and we denote it by Ps (L). For a family of languages F'L, the family of Parikh
images of languages in F'L is denoted by PsF'L; for families of languages over a
one-letter alphabet, the corresponding sets of non-negative integers are denoted
by NFL; for an alphabet V' containing exactly d objects, the corresponding sets
of Parikh vectors with d components is denoted by N?FL, i.e., we replace Ps
by N¢.

A (finite) multiset over the (finite) alphabet V', V = {ay, - ,a,}, is a map-
ping f : V — N and represented by (f (a1),a1) - {f (an),an) or by any string
x the Parikh vector of which with respect to a1, - ,a, is (f (a1), -, f (an))-
In the following we will not distinguish between a vector (mg,---,my), its rep-
resentation by a multiset (mq,a1) - {(my, a,) or its representation by a string z
having the Parikh vector (|z|, ,---,|z[, ) = (m1,---,my). Fixing the sequence
of symbols aq,--- ,a, in the alphabet V in advance, the representation of the
multiset (my,a1) - (my,ay,) by the string a]™ - - - a7 is unique. The family of
regular, context-free, and recursively enumerable string languages is denoted by
REG, CF, and RFE, respectively.

ETOL systems An ETOL system is a construct G = (V,T,w, Py, , Py,)
where m > 1, V is an alphabet, T' C V is the terminal alphabet, w € V* is the
aziom, and the P;, 1 < i < m, are finite sets (tables) of non-cooperative rules
over V. In a derivation step in G, all the symbols present in the current sentential
form are rewritten using one table. The language generated by G, denoted by
L(G), consists of all terminal strings w € T* which can be generated by a
derivation in G starting from the axiom w. The family of languages generated
by ETOL systems and by EFT0L systems with at most k£ tables is denoted by
ETOL and ETy0L, respectively.

Register machines A register machine is a tuple M = (m, B, ly, l, P), where
m is the number of registers, P is the set of instructions bijectively labeled by
elements of B, Iy € B is the initial label, and [;, € B is the final label. The
instructions of M can be of the following forms:

— I (ADD (]) 7l2,l3), with [; € B\{lh}, lo,l3e B, 1< i< m.
Increase the value of register j by one, and non-deterministically jump to
instruction ls or l3. This instruction is usually called increment.
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— I (SUB (j),lg,lg), with [; € B\{lh}, ly,l3 € B, 1<53<m.
If the value of register j is zero then jump to instruction /3, otherwise decrease
the value of register j by one and jump to instruction ls. The two cases of
this instruction are usually called zero-test and decrement, respectively.

— lp : HALT. Stop the execution of the register machine.

A configuration of a register machine is described by the contents of each
register and by the value of the current label, which indicates the next instruc-
tion to be executed. Computations start by executing the first instruction of P
(labeled with {j), and terminate with reaching the H ALT-instruction.

Register machines provide a simple universal computational model, for ex-
ample, see [14]. In the following, we shall call a specific model of P systems
computationally complete or universal if and only if for any register machine M
we can effectively construct an equivalent P system IT of that type simulating
M and yielding the same results.

Non-semilinear sets of numbers and of vectors of numbers In most of
the examples described in the following sections, we will use (variants) of the set
of natural numbers

{2"|n20}:N({a2n |n20})
and the set of (two-dimensional) vectors of natural numbers
{(n,m) | n>1,n<m<2"}=Ps({(a"b™) | n>1,n<m<2"}),

which both are known to not be semilinear.

2.2 P Systems

The ingredients of the basic variants of (cell-like) P systems are the membrane
structure, the objects placed in the membrane regions, and the evolution rules.
The membrane structure is a hierarchical arrangement of membranes. Each mem-
brane defines a region/compartment, the space between the membrane and the
immediately inner membranes; the outermost membrane is called the skin mem-
brane, the region outside is the environment, also indicated by (the label) 0.
Each membrane can be labeled, and the label (from a set Lab) will identify both
the membrane and its region. The membrane structure can be represented by
a rooted tree (with the label of a membrane in each node and the skin in the
root), but also by an expression of correctly nested labeled parentheses. The ob-
jects (multisets) are placed in the compartments of the membrane structure and
usually represented by strings, with the multiplicity of a symbol corresponding
to the number of occurrences of that symbol in the string. The basic evolution
rules are multiset rewriting rules of the form v — v, where u is a multiset of
objects from a given set O and v = (by,tary) ... (bg,tary) with b; € O and
tar; € {here,out,in} or tar; € {here,out} U {in; | j € Lab}, 1 < i < k. Using
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such a rule means “consuming” the objects of u and “producing” the objects
b1, ..., b, of v; the target indications here, out, and in mean that an object with
the target here remains in the same region where the rule is applied, an object
with the target out is sent out of the respective membrane (in this way, objects
can also be sent to the environment, when the rule is applied in the skin region),
while an object with the target in is sent to one of the immediately inner mem-
branes, non-deterministically chosen, whereas with ¢n; this inner membrane can
be specified directly. In general, we may omit the target indication here.

Yet there are a lot of other variants of rules we shall consider later; for ex-
ample, if on the right-hand side of a rule we add the symbol §, the surrounding
membrane is dissolved whenever at least one such rule is applied, at the same
moment all objects inside this membrane (the objects of this membrane region
together with the whole inner membrane structure) are released to the sur-
rounding membrane, and the rules assigned to the dissolved membrane region
get lost. Another option is to add promoters pi,...,p, € OF and inhibitors
Qs qn € OT to a rule and write w — v|p,. . p. ~qu.....~qn, Which rule then is
only applicable if the current contents of the membrane region includes any of
the promoter multisets, but none of the inhibitor multisets; in most cases pro-
moters and inhibitors are rather taken to be singleton objects than multisets.
Further variants of P systems will be defined later.

Formally, a (cell-like) P system is a construct

II=(0,pw,...,Wn,R1,...,Rm, [)

where O is the alphabet of objects, p is the membrane structure (with m mem-
branes), wi,...,w,, are multisets of objects present in the m regions of p at
the beginning of a computation, Ri,..., R,, are finite sets of evolution rules,
associated with the membrane regions of u, and f is the label of the membrane
region from which the outputs are taken/the inputs are put in (f = 0 indicates
that the output/input is taken from the environment).

If a rule w — v has at least two objects in u, then it is called cooperative, oth-
erwise it is called non-cooperative. In catalytic P systems we use non-cooperative
as well as catalytic rules which are of the form ca — cv, where ¢ is a special
object which never evolves and never passes through a membrane (both these
restrictions can be relaxed), but it just assists object a to evolve to the multiset
v. In a purely catalytic P system we only allow catalytic rules. For a catalytic
as well as for a purely catalytic P system II, in the description of I we replace
“O” by “O,C” in order to specify those objects from O which are the catalysts
in the set C. As already explained above, cooperative and non-cooperative as
well as catalytic rules can be extended by adding promoters and/or inhibitors,
thus yielding rules of the form u — v|p, ... po.=gr.....~qn -

All the rules defined so far can be used in different derivation modes: in the
sequential mode (sequ), we apply exactly one rule in every derivation step; in the
asynchronuous mode (asyn), an arbitrary number of rules is applied in parallel;
in the maximally parallel (mazpar) derivation mode, in any computation step of
IT we choose a multiset of rules from the sets R1,..., Ry, in a non-deterministic
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way such that no further rule can be added to it so that the obtained multiset
would still be applicable to the existing objects in the membrane regions 1, ..., m.

The membranes and the objects present in the compartments of a system at
a given time form a configuration; starting from a given initial configuration and
using the rules as explained above, we get transitions among configurations; a
sequence of transitions forms a computation (we often also say derivation). A
computation is halting if and only if it reaches a configuration where no rule can
be applied any more. With a halting computation we associate a result generated
by this computation, in the form of the number of objects present in membrane
f in the halting configuration. The set of multisets obtained as results of halting
computations in IT working in the derivation mode 0 € {sequ, asyn, mazxpar} is
denoted by mLgen,s (IT), the set of natural numbers obtained by just counting
the number of objects in the multisets of mLgey,5 (IT) by Ngen,s (IT), and the set
of (Parikh) vectors obtained from the multisets in mLgen,s (IT) by Psgen,s (IT).

Yet we may also start with some additional input multiset winpyus Over an
input alphabet X in membrane f, i.e., in total we there have wfwinpy: in the
initial configuration, and accept this input wippy+ if and only if there exists a
halting computation with this input; the set of multisets accepted by halting
computations in

H:(O’E7Maw17"'7wmaR1a"'7R’maf)

working in the derivation mode ¢ is denoted by mLgcc,s (IT), the corresponding
sets of natural numbers and of (Parikh) vectors are denoted by Ngye.s (IT) and
Psgee,s (IT), respectively.

The family of sets Y, s (II), Y € {N, Ps}, v € {gen,acc} computed by P
systems with at most m membranes working in the derivation mode § and with
rules of type X is denoted by Y, ;0P,, (X).

For example, it is well known (for example, see [15]) that for any m > 1, for
the types of non-cooperative (ncoo) and cooperative (coo) rules we have

NREG = Ngen,mazparOPrm (nco0) C Ngen mazparOPrm (coo) = NRE.

For v € {gen,acc} and 6 € {sequ,asyn,maxpar}, the family of sets
Y,s(II), Y € {N,Ps}, computed by (purely) catalytic P systems with at
most m membranes and at most k catalysts is denoted by Y, sOP,, (cat)) and
Y, sOP,, (pcaty), respectively; from [10] we know that, with the results being
sent to the environment (which means taking f = 0), we have

Ygen,maxparO-Pl (CatQ) = Ygen,mazparO-Pl (pCGtS) =YRE.

If we allow a catalyst ¢ to switch between two different states ¢ and ¢ we call ¢
a bi-stable catalyst; in that way we obtain P systems with bi-stable catalysts. For
v € {gen,acc} and 0 € {sequ,asyn, maxpar}, the family of sets Y, 5 (II), Y €
{N, Ps}, computed by (purely) catalytic P systems with bistable catalysts with
at most m membranes and at most k catalysts is denoted by Y, sOP,, (2caty)
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and Y, sOP,, (p2caty), respectively. We note that in the generative case we do
not count the catalysts in the output membrane region.

For all the variants of P systems of type X, we may consider to label all the
rules in the sets Ry,..., R,, in a one-to-one manner by labels from a set H and
to take a set W containing subsets of H. Then a P system with label selection is
a construct

II=(0,pw,...,Wn,R1,..., Ry, HW, f)

where II' = (O, p, w1, ..., W, R1,...,Rm, f) is a P system as defined above,
H is a set of labels for the rules in the sets Ry,..., R, and W C 2H. In any
transition step in 11 we first select a set of labels U € W and then apply a non-
empty multiset R of rules such that all the labels of these rules in R are in U (and
in the case of maximal parallelism, the set R cannot be extended by any further
rule with a label from U so that the obtained multiset of rules would still be
applicable to the existing objects in the membrane regions 1, ..., m). The families
of sets Y (II), Y € {N, Ps}, computed by P systems with label selection with
at most m membranes and rules of type X as well as card (W) < k are denoted
by Y, sOPy, (X,ls), for any v € {gen, acc} and § € {sequ, asyn, maxpar}.

For all variants of P systems using rules of some type X, we may con-
sider systems containing only rules of the form v — v where u € O and
v = (by,tar)... (b, tar) with b; € O and tar € {here,out,in} or tar €
{here,out} U {in; | j € H}, 1 < i < k, i.e., in each rule there is only one
target for all objects b;; if catalytic rules are considered, then we request the
rules to be of the form ca — ¢(by,tar)...(bg,tar); in both cases, for a rule
u — (by,tar) ... (bg,tar) we then write u — (by, ..., bg; tar).

A P system with target selection contains only these forms of rules; moreover,
in each computation step, for each membrane region i we choose a multiset of
rules from R; having the same target indication tar; for different membrane
regions these targets may be different; moreover, the total multiset obtained
in this way must not be empty. The families of sets Y, 5 (II), Y € {N, Ps},
computed by P systems with target selection with at most m membranes and
rules of type X are denoted by Y, sOP,, (X,ts), for any v € {gen,acc} and
§ € {sequ, asyn, mazxpar}.

Remark 1. P systems with target selection were first defined in [11], but there
the chosen multiset of rules for each R; had to be non-empty if possible. In this
paper, we only require the total multiset of rules, obtained by choosing multisets
of rules in each R; with the results going to a chosen target membrane, to be
non-empty. Yet as in [11] we assume that when choosing the target in all objects
are sent to just one selected inner membrane.

We may extend rules of the form u — (b1, . .., bg; tar) to rules of the form u —
(b1,...,bg; Tar) where Tar is a finite set of targets, thus obtaining P systems
with target agreement. In each computation step, for each membrane we first
choose a target tar and then a multiset of rules of the form u — (b1, ..., bg; Tar)
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with tar € Tar — again, for different membranes these targets may be different.
The families of sets Y, 5 (II), Y € {N, Ps}, computed by P systems with target
agreement with at most m membranes and rules of type X are denoted by
Y, sOP,, (X,ta), for any v € {gen, acc} and 0 € {sequ, asyn, maxpar}.

P systems with target agreement have the same computational power as P
systems with target selection, as proved in the following theorem, yet they allow
for a more compact description of rules as we will see in Subsection 3.2.

Theorem 1. For all types of rules X, any v € {gen, acc}, any derivation mode
0 € {sequ,asyn, mazxpar}, any Y € {N, Ps}, and any m € N, we have

Y, sOP,, (X, ta) =Y, sOP,, (X,ts).
Proof. Given a P system with target selection
II=(0,p,wi,...,Wm,R1,..., R, f)
we can also interpret IT as a P system
' = (O, pywi, ..., wm, Ry, ..., R, f)

with target agreement by replacing each rule u — (by, ..., bg; tar) in any of the
sets R;, 1 < i < m, by the corresponding rule u — (by,...,by; {tar}) in R}.
Obviously, Y, s (II) =Y, s (II').

On the other hand, given a P system

H/:(O7/’L7w1a"-7wm> 117aR;n>f)

with target agreement we immediately get the corresponding P system with
target selection

11 = (O7Maw17"'awm7Rla-~-7Rm7f)

such that Y, 5 (IT) =Y, 5 (II'): for each rule u — (b1,...,by; Tar) € R, we take
all the rules u — (b1, ..., by;tar) with tar € Tar into R;. O o

Whereas for most of the other variants considered in this paper the so-called
flattening procedure (for more details see [11]) allows for finding equivalent sys-
tems with only one membrane, for P systems with target selection or target
agreement the membrane structure usually plays an essential role.

For any of the families of (vectors of) natural numbers Y, ;O0P,, (X) we will
add subscript k at the end to indicate that only systems with at most k rules
are considered, i.e., we write Y, sOP,, (X),. If any of the finite parameters like
m and k is unbounded, we replace it by .
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3 Examples for P Systems with a Small Number of Rules

In this section, we give examples for P systems with a very small number of rules
accepting or generating a non-semilinear set (of vectors) of natural numbers. In
[2], most of the examples comprised in the following table were elaborated in
detail; for the models not defined above and the examples for these models, we
refer the reader to this paper.

models
— deterministic cooperative rules, accepting numbers with a
special (non-standard) halting and accepting condition
— non-cooperative rules with target agreement, generating numbers
2|— non-cooperative rules with target selection, generating numbers
— non-cooperative rules with label selection, generating numbers
— non-cooperative rules with tables, generating numbers
— non-cooperative rules with membrane dissolution, generating numbers
— non-cooperative rules in active membranes with
two polarizations, generating numbers
— non-cooperative rules with one inhibitor, generating numbers
3|— non-deterministic cooperative rules, accepting numbers
— symport/antiport rules of weight < 2 (and size < 4), accepting numbers
— non-cooperative rules with one promoter, generating numbers
— purely catalytic rules with one bi-stable catalyst, generating vectors
— symport/antiport rules of weight < 2 (and size < 3), accepting numbers
5|— non-cooperative rules with promoters/inhibitors, generating numbers
— [purely] catalytic rules with one bi-stable catalyst and
toxic objects, generating numbers
11— (purely) catalytic rules with two (three) catalysts and
toxic objects, generating vectors
12|— [purely] catalytic rules with one bi-stable catalyst, generating numbers
14— (purely) catalytic rules with two (three) catalysts, generating vectors
17— (purely) catalytic rules with two (three) catalysts and
toxic objects, generating numbers
23|- (purely) catalytic rules with five (seven) catalysts, generating numbers
29|- (purely) catalytic rules with two (three), generating numbers

3
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©
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Table 1. Examples for using n rules in specific models of P systems.

3.1 Accepting P Systems
Consider the P system

Iy =(0={a,s}, Y ={a},u=1] J1,w1 =\, Ry, f = 1) where
Ry ={aa — a, a — s, ss — ss}.

In each derivation step, I1y halves (part of) the objects a, renaming the rest
of objects a into s. If more than one s is produced, an infinite computation is
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forced due to the rule ss — ss. The only way to produce not more than one s is
to always have even multiplicity of objects a until it reaches the last one; hence,
we conclude mLgcemazpar (o) = {azﬂ |n >0} U{A}.

This accepting P system Il has 3 cooperative rules, i.e., we have

{2" |n >0} U{0} € Nace,mawparOP1 (c00), .

It is well-known that P systems with cooperative rules are computationally
complete. The smallest known universal one has 23 rules, see [6].

3.2 Generating by Doubling in the Maximally Parallel Mode

This section contains models of P systems with “mass influence”, where some-
thing can simultaneously affect (directly or indirectly) an unbounded number of
copies of specific objects (e.g., target agreement, target selection, label selection,
tables, membrane dissolution). In that way we obtain tiny P system using mas-
sive parallelism for repeated doubling, and using one of the effects mentioned
above to halt.

P Systems with Target Agreement Or Target Selection We first con-
sider the case of target agreement which allows for the smallest descriptional
complexity with only one rule:

II, = (O = {a},p = [ ]1,w1 = a,we = A\, Ry, Ro = 0, f = 0) with
Ry = {a — (aa, {here,out})}.

II; doubles the number of objects each turn that the objects stay in the skin
membrane choosing the target here. At some moment, all objects agree in the
target destination out thus moving into the environment where no rule can be
applied any more. At any moment of the computation, all simultaneously pro-
duced objects must agree in the same destination, effectively choosing between
continuing the doubling or halting.

If we resolve the rule a — (aa, {here,out}) into its two corresponding rules
a — (aa, here) and a — (aa, out), we immediately get the P system with target
selection

Hg = (O = {a},u: [ ]1,’[1)1 =a,wy = )\,Rl,RQ :Q],f:()) Wlth
Ry = {a = (aa, here),a — (aa,out)}.

In sum, we therefore infer

{2" | n > 1} € Nyen,mazpar OP1 (ncoo,ta); N Nyen mazpar OP1 (n€00,15), .

P Systems with Tables The following P system with tables of rules (tabled
P system) needs only 2 rules and is closely related to the P system with target
selection described in Subsection 3.2.

H4 = (O = {a},u = [ ]1,’[1}1 = b,Rhf = 0) with

Ry ={Ty = {a — aa, here}, To = {a — a,out}}.
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11, doubles the multiplicity of objects a each step as long as using table T7.
At any time, if after n > 0 such steps the second table T5 is chosen, all objects
a are sent out to the environment and the computation halts, having generated
a®".

We also note that the second table (and thus the table feature) is not needed
under a specific variant of halting called unconditional halting which resembles
the L systems (Lindenmayer systems) mode of taking the result; P systems using
non-cooperative rules and taking the results after each computation step (i.e.,
with unconditional halting) were considered in [7] and shown to characterize
PsETOL.

In sum, we have obtained
{2" | n > 0} € Ngen,mazparOP1 (ncoo, tables)y N Ngen—w,mazparOP1 (ncoo), ,

where gen — u indicates that we take the results generated in the output mem-
brane after every computation step (i.e., with unconditional halting) and tables
indicates that we are using 2 tables.

P systems with Label Selection Instead of selecting different targets, in the
P system with label selection

IIs = (O ={a},p = J1,w1 =a R, H = {1,2}, W = {{1},{2}}, f = 0) with
Ry ={1:a— (aa,here),2: a — (aa,out)}.

we select different labels to be able to choose when to send out all objects from
the skin membrane to the environment; hence, we have

{2" | n > 1} € Ngen,mazpar OP1 (ncoo, ls2)., .

We will return to this model of P systems with label selection later when
considering catalytic rules only.

3.3 P Systems with Membrane Dissolution

When using only non-cooperative rules we cannot obtain computational com-
pleteness with the additional feature of membrane dissolution; yet, in [9] an
infinite hierarchy with respect to the number of membranes was established us-
ing membrane dissolution in a linear membrane structure. Now consider

HG:(O:{Q}vuz[[ ]2 ]hwl :A7w2:aaR1:®7R27f:]-)

where Ry = {a — aa, a — aad}. IIg doubles the number of objects each turn
when only using the rule @ — aa until at some moment the inner membrane
may be dissolved by at least for one a using the dissolution rule a — aad, thus
stopping the computation. This generative system has 2 non-cooperative rules
and membrane dissolution and computes mLgen, mazpar () = {a®" | n > 0},
ie.,

{2" | n > 0} € Nyen,mazparOP2 (n€00,0)., .
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4 P Systems with Catalysts

P systems with catalysts were already considered in the originating papers for
membrane systems, see [15]. In [10], two (three) catalysts were shown to be suffi-
cient for getting computational completeness with (purely) catalytic P systems.
Whether or not one (two) catalyst(s) might already be enough to obtain com-
putational completeness, is still one of the most challenging open problems in
the area of P systems. We only know that purely catalytic P systems (work-
ing in the maximally parallel mode) with only one catalyst simply correspond
with sequential P systems with only one membrane, hence, to multiset rewriting
systems with context-free rules, and therefore can only generate linear sets.

Using additional control mechanisms as, for example, priorities or promot-
ers/inhibitors, P systems with only one catalyst can be shown to be compu-
tationally complete, e.g., see Chapter 4 of [17]. On the other hand, additional
features for the catalyst may be taken into account; for example, we may use
bi-stable catalysts (catalysts switching between two different states) as will be
considered next.

4.1 Generating a Non-Semilinear Number Set with One Bi-Stable
Catalyst

We now turn our attention to the — in general — more difficult generative case,
using the maximally parallel mode.
II; = (0,C ={c,c},p = ]1,w1 =cpa, Ry, f = 1) where
O ={c,ctU{a,b} U{p,q,s,t} U {#},
Ry ={ca— cbb, s > t, ¢t — cs, cs = p, t = #, # — #,
cb—ca, p—q, cq— Cp, Cp —> ¢S, Cp — C, q — #}.

II; works consists in two phases. In phase 1, in addition to the bi-stable cat-
alyst toggling between ¢ and ¢, there is a state object present, toggling between
s and t. Every two steps, a is replaced by bb with ¢ changing to ¢ while s changes
to t; then ¢t are reset to cs. If objects a are no longer present, ¢ is idle for one
step, and then cs change to ¢p, entering phase 2.

In phase 2, the state object toggles between p and g. Every two steps, b is
renamed into a with ¢ changing to ¢ while p changes to g; then cq are reset to
cp. If objects b are no longer present, ¢ is idle for one step, and then either ¢p
change to cs, returning to phase 1, or ¢ erases p thus causing the system to halt.

In both phases, if the bi-stable catalyst “chooses” a “ wrong” rule, then either
t or q are left to themselves, forcing the system to enter an infinite computation,
so this computation does not lead to a result any more; hence, in sum we obtain
ngen,maxpar(H7) = {agn | n > O}

II; is a purely catalytic P system with only one bi-stable catalyst and 12
rules, hence, we have

{2” | n > 0} S Ngen,mamparOpl (26&t1)12 '

The computational completeness of P systems with one bi-stable catalyst
working in the maximally parallel mode was established in [3].
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4.2 P Systems with Toxic Objects — a Special Variant of Halting
for Avoiding the Trap Symbol

Throughout this section, a main part of the constructions (which is inevitable
for proving computational completeness, too) is the introduction of the trap
symbol # in case the derivation goes the wrong way and by the rule # — # (or
c# — c# with a catalyst ¢) guaranteeing the derivation never to halt. Yet most
of these rules can be avoided if we apply a specific new halting strategy allowing
the system to halt without yielding a result. This somehow corresponds to the
case of a Turing machine halting its computation in a non-final state, and as for
Turing machines, where each such computation halting in a non-final state can
be transformed into an infinite computation, in P systems usually the trap rules
perform this task to yield an infinite computation.

This specific new halting strategy allowing the system to halt without yielding
a result can be defined in various ways, e.g., with a special symbol (like the trap
symbol) appearing in the configuration. As our main goal now is to save as many
rules as possible, we want to stop one step earlier, i.e., before the trap symbol
would be introduced. Hence, we specify a specific subset of tozic objects Ogoy;
the P system is only allowed to continue a computation from a configuration C
by using an applicable multiset of rules covering all copies of objects from Oy,
occurring in C'; moreover, if there exists no multiset of applicable rules covering
all toxic objects, the whole computation having yielded the configuration C' is
abandoned, i.e., no results can be obtained from this computation.

This idea somehow resembles the strategy of using priorities with having the
rules involving the objects from Oy,, having priority over other rules. Yet this
strategy is both weaker and stronger compared with the strategy of priority on
rules: on one hand, we can only specify priorities with respect to the objects
from Oy,;; on the other hand, if not all copies of toxic objects from Oy,, can be
covered by any multiset of rules, we stop without getting a result, whereas in
the case of priorities any multiset of rules respecting the priority relation can be
used to continue the computation.

For any variant of P systems, we add the set of tozic objects Oy, and in the
specification of the families of sets of (vectors of) numbers generated/accepted
by P systems with toxic objects using rules of type X we add the subscript tox
to O, thus obtaining the families Y5 mazparOroz Pm (X), for any v € {gen, acc}
and m > 1.

Hence, for the P system with one bi-stable catalyst II; elaborated in the pre-
ceding subsection, we obtain the corresponding P system IIg with toxic objects

IIs = (0,C ={c,c},Oton, p = | ]1, w1 = pa, Ry, f = 1) where
O = {c,ctU{a,b} U{p,q,s,t},
Otow = {(L t})
Ry = {ca — ¢bb, s —t, &t — cs, cs — Cp,
¢b — ca, p— q, cq — Cp, Cp —> ¢S, Tp — C}.

According to the arguments established in the preceding subsection, we im-
mediately infer mLgen mazpar(Ils) = {a2" | n > 0}. This system now does not
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need more than 9 rules, and therefore we have

{2n | n Z 0} S qun,mawparOtozpl (2ca't1)9 .

4.3 General Results for [Purely] Catalytic P Systems with Toxic
Objects

Looking closer into the computational completeness proofs for catalytic P sys-
tems given in [10], we see that the only non-cooperative rules used in the proofs
given there are rules involving the trap symbol. When going to purely catalytic
P systems, we realize that all rules involving the trap symbol can be assigned
to one additional catalyst; for example, to generate any recursively enumerable
set of natural numbers we need two catalysts for catalytic P systems and three
catalysts for purely catalytic P systems.
As the proof of the basic result

PsRE = Psgen,mawparOPI (CatQ) = Psgen,maa:paropl (pcat?))

also is the basis of the construction of the [purely| catalytic P system elaborated
in Subsection 4.6, we first recall the main ideas of the simulations for ADD- and
SUB-instructions of a register machine M = (d, B, ly, h, R).

For every instruction label [ € B of the register machine to be simulated two
symbols are used to keep the two main catalysts cy, ca busy, starting with p;p;.
At the end, for the halting label h we use the two rules ¢i1pp — ¢1 and copp, — co
to stop the derivation in case the simulation has succeeded to be correct. The
number n, stored in register a is represented by n, copies of the symbol o,.

Each ADD-instruction j : (ADD(a), k,1), for a € {1,2,...,d}, can easily be
simulated by the rules cip; — ¢c10.prPr, C1D; —+ C10aD1P1, and c2p; — Ca.

Each SUB-instruction j : (SUB(a), k,1), only necessary to be considered for
a € 1,2, is simulated in four steps as shown in the table listed below:

Simulation of the SUB-instruction j : (SUB(a), k,1) if

register a is not empty register a is empty
CaPj — Caﬁjﬁ;‘ CaPj — Caﬁj?;‘pg‘/
C3_aDj — C3_q C3_aDj — C3_q
Ca0q = CaCl CaDj = Cq

C3—aDj = C3—q C3—aDj = C3—aP]
CaCly = CaCl

CS—aﬁ;‘ — C3—aﬁ;', C3—ap;'/ — CB—ap;'
Caﬁ;‘, — CaPkPk Cap;' — CaPIPI
C3—aCy — C3—q C3—aPj — C3-a

In addition, trap rules guarantee that in case the guess whether the contents
of register a is empty or not was wrong, the derivation enters an infinite loop with
the rule # — # in the catalytic case or c3# — c3# in the purely catalytic case.
These objects x for which we have such trap rules x — # in the catalytic case or
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csx — c3# in the purely catalytic case, are ¢}, ¢/, ch, ¢4 and, for every label j of a
SUB-instruction j : (SUB(a), k,1), the objects p;, p;, 0}, b;, D}, bj, j, P; , and for
every label j of an ADD-instruction j : (ADD(a), k,1) the objects p;, p; as well.
We should like to mention that these trap rules for the objects p;, p; coming from
the ADD-instructions j : (ADD(a),k,l) were forgotten to be included in the
proof of the special Corollary 8 in [10], whereas in the more general Theorem 4,
due to writing down the range of the trap rules in a different way, these trap
rules for the symbols indicating an ADD-instruction were included correctly.

The construction shown above strictly follows the proof elaborated in [10]; yet
we observe that many symbols are just needed to keep one of the two catalysts
busy for one step with being erased or else having to evolve to the trap symbol.
Hence, every symbol z for which we only have a rule ¢;x — ¢; A, i € {1,2}, can
be replaced by just one symbol d;. In addition, for p; we now always use ¢; and
for p; (which in fact now is replaced by ds) we now always use cp. Finally, we
can also replace all symbols 159 by just one variable d3—q.

In that way, we obtain the following tables of rules for the simulation of
ADD-instructions and SUB-instructions:

Simulation of the ADD-instruction j : (ADD(a), k,1)
c1pj — €10qPkd2, C1D; — C104Pkda; cada — ca.

The table for a SUB-instruction now contains several identical entries:
Simulation of the SUB-instruction j : (SUB(a), k, 1) if

register a is not empty register a is empty
c1p; — c1dz—a P c1pj — c1dads—oP
cody — Co cady — ¢

Ca0q = CaCly Calyq — Cq
C3—ad3—a = C3-a C3—aPj = C3—al
CaCl = Cad3_q

03711]3;‘ — 0371113}/ CSfap;'/ — 637ap;‘
Cap;'/ — CaPrda Cap; T> capido
€3—ad3—q —* C3—q €3—ad3—a —* C3—q

The zero-test case now can be reduced considerably to two steps:

c1pj — c1p;

62d2 — C2

¢, remains idle
C3_qPj — C3_apida

For x being an element of the following set, we have to add the trap rules
c3x — c3# in the purely catalytic case and the corresponding rules x — # in
the catalytic case:

{#’d17d27cllvc/2}u{pj I.] : (ADD(CL),k,Z)} U {pj7ﬁ;'/7pj |j : (SUB(G),k‘,l)}

In the case of catalytic P systems, the only non-cooperative rules are these
trap rules, and in the case of purely catalytic P systems, the trap rules, and only
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those, are associated with the third catalyst cs. If we take exactly those objects
for which such a trap rule exists as tozic objects and omit all trap rules, then we
immediately infer the following computational completeness result, where O,
indicates that we are using toxic objects:

Theorem 2. PSRE = PsOyoy Pgen,mazpar (cats) = P$Otog Pyen mazpar (Pcats).

In general, for all the results elaborated in [10] we obtain similar results: when
using toxic objects, then the construction for obtaining the results for catalytic
and purely catalytic P systems coincide, as for example in the preceding theo-
rem, where in both cases we only need two catalysts (which number currently
is assumed to be the minimal one). Moreover, the simulation becomes somehow
deterministic, as only the correct simulation paths survive; in that sense, deter-
ministic register machines can be simulated by deterministic [purely| catalytic
P systems with toxic objects.

4.4 Generating a Non-Semilinear Vector Set with a [Purely]
Catalytic P System

We now construct [purely] catalytic P systems generating the non-semilinear set
of pairs of natural numbers {(n,m) | n < m < 2"}. First we define the purely
catalytic P system ITg generating {afa]’ |n <m < 2"}.

Hg = (O,C = {01,02,03},,u = [ ]1,w1 = 610203a1p1d1d2,R1,f = 1) where
O ={c1,c2,c3}t U{a1, a2, a3, a4, dr,da, p1,p2, #},
Ry = {cia1 = c1, c1p2 = crai1asapa, c1p2 — €1a1a3a4P1, C1P2 — €1G304,
Ca02 —» C2, C2P1 —7 C2Q202P1, C2P1 —» C2G202D2,
cidy — 1, cady = ca, c1dy — a1 #, cady — coFf,
c3p1 — C3#, C3p2 — C3F, caFH — c3F}

This purely catalytic system has 14 rules, and with just omitting the third
catalyst we obtain the corresponding catalytic P system having 14 rules, too.
But with using toxic objects we can save some of (but in this case not all!) the
trap rules, i.e., we obtain the purely catalytic P system with toxic objects I11g
with only 11 rules:

HlO = (0,0 = {61,62},Ot0x,,u = [ ]1,101 = 0162a1p1d1d2,R1,f = 1) where
0= {017 02} U {a17 az,as, a4, d17 d27p17p27 #}a
Otoz = {pl»p?»#}v
Ry = {cia1 — c1, c1p2 = c1a1a4p2, c1p2 — €141G3a4P1, C1P2 — C1a304,
C202 — C2, Cop1 —7 C2G20a2pP1, C2P1 —7 C2G2a2D2,
C1d2 — C1, 02d1 — Cg, C1d1 — Cl#, ngg — CQ#}.

In all cases, the derivations work as follows: the objects p1, po work as states,
and the objects d;, i € {1,2}, are used to check that the corresponding catalyst
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¢; is busy at some stage, otherwise these objects d; force the system to enter an
infinite loop with the trap rules or to kill the derivation.

In state p;, we decrement (the number of objects representing) register 1 by
the rule c;a; — ¢ and double their number by applying the rule cop; — caasa9py
in parallel. By using the rule cop; — ceagasps instead, we change to state po,
yet without checking whether register 1 is already empty. In case the latter rule
is used too late, i.e., if no object a; is present any more, then we have to use the
trap rule c1dy — c1#.

In state p2, we decrement (the number of objects representing) register 2 by
the rule caas — ¢o and copy (the contents of) this register to register 1, at the
same time adding this number to register 4 by using the rule ¢yps — c1a1a4p2 in
parallel. If this rule is used until no object as is present any more, then we have
to use the trap rule cods — coF. If instead we use the rule cips — ciaiazaqpy,
we switch back to state 1, at the same moment incrementing register 3, yet again
without checking register as for being zero. By using the rule ¢1ps — ciasaq,
we end this cycling between states p; and po, i.e., now both p; and p, are not
present any more, and the two objects d; and ds have to be eliminated, which
can be achieved by using the two rules c1ds — ¢; and cody; — co in parallel.

At the end of a computation, even if the two objects d; and dy have already
been deleted, the catalysts ¢; and ¢y will still be active to delete all the remaining
objects a; and ag, hence, at the end only copies of objects a3 and a4 are present
any more. In sum, we conclude that Ps({a%a}* | n < m < 2"}) belongs to

Psgcn,mafcparOpl (pcat3)14 N Psgen,marparOtozpl (pcat2)11-

4.5 Purely Catalytic P systems with Label Selection

If we only allow purely catalytic rules with two catalysts, P systems with label
selection can apply at most two rules in each derivation step and thus show a
behavior rather similar to the way matrix grammars in binary normal form work,
i.e., the set of labels defines the matrix of the two rules to be applied together.

We now construct a purely catalytic P system with label selection with two
catalysts which generates the non-semilinear set of natural numbers {2" | n > 1}.

Hll = (O,C = {Cl,CQ},M = [ ]1,’[1}1 = Clcgpal,Rl,H,VV,f = 1) where
O == {01702} U {a17a27 asz,p,q,T, #},
H={i|1<i<T7yu{i'|i€e{1,3,6}}U{#a,, #ass #p: #q: #r, #2}
W= {{17 1/u #q7 #r} ) {27 #a17 #q7 #r} ) {37 3/7 #pa #T} ) {4-3 #az; #;m #r}
{57#a1’#q5#7“}’{6’6/7#p7#q}7{77 #azﬁ#pa#qv##}}7
Ry ={1:cap = cap, 1" : c1a1 — cra2a2, 2: cap — caq,
3:caqg — caq, 3 :cras — craq, 4:cag — cap,
5:cap — car, 6:cor — cor, 6' 1 cras — crasz,
T:car — Co, Fay 1 C101 = C1FF, FFa,  C102 — C1H, Fy @ CoFF — C2Ff,
HptCop — CoFF, Fq: Coq —> CoFt, Fr o cor — o)
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In “state” p we double the number of symbols a7, and in “state” ¢ we rename
them back from as to a1; in “state” r we rename every symbol ay to the output
symbol as. The trap rules #p, #,, #» guarantee that the second rule associated
with the catalyst ¢; is only carried out with the right state symbol evolving with
cz2. The system in total has 16 rules. We can avoid the trap rules #,, #4, #,, ##
by using toxic objects, in fact exactly p, q,r, #, thus obtaining a system with
only 12 rules:

o, =(0,C =A{ci,eat,p =1 J1,w1 = creapay, R, H' , W', f = 1) where
O = {c1,c2} U{a1,az,a3,p,q,7},
Otow = {pa q,7, #}a
H ={i[1<i< T U{i'[i€{1,3,6}} U{#a, #as}
W/ = {{17 1/} ’ {2’ #lh} ’ {3’ 3/} ’ {47 #(12} ’ {57 #(11} ’ {67 GI} ’ {7’ #az}}’
Ry ={1:cop — cop, 1" : cra1 — crazaz, 2: cap — caq,
3:coq = caq, 3 :cras — craq, 4: caq — cap,
5:cop — car, 6:cor — cor, 6 : crag — cras,
T:cor = co, H#ay : C1a1 = CO1F, Ha, : C1a2 = C1H}

In sum, we have ngen,maxpaT(Hll) = ngen,maacpar(H{l) = {0{2),” | n > 0}7
hence,

{2n | n 2 ]-} S Ngen,mamparOpl (PCGtQ, ls)l(} N Ngen,mamparOtompl (pcat% 13)12~

Computational completeness of purely catalytic P systems is shown in [12].
We here recall this proof for the generating case, but also show how toxic objects
influence the descriptional complexity of the constructed P system:

Theorem 3. PsRE = PsOP; (pcata,ls) = PsOyor P1 (pcata,ls) .

Proof. We first prove the inclusion PsRE C PsOP; (pcata,ls). Let us consider
a deterministic register machine M = (2 + d, B, o, l, I) with the last d registers
containing the output values, and let A = {a1,...,aq44+2} be the set of objects
for representing the contents of the registers 1 to d + 2 of M. We construct the
following purely catalytic P system:

I = (Oa{ChCQ})[ }1,0162dl07R17H7W0)5
O :AUBU{C1,CQ,d,#},
H=A{LU,# 1€ By U{#a |ae{d #}}U{l ,#., |1 <7 <2}

the sets of labels in W and the rules for R; are defined as follows:

A. The trap rules are #y4 : co# — co# and #4 : c1d — c1# as well as
#i el = coF forall l € B and #,, @ ciap, = c1# forall a,, 1 < r < 2.
Moreover, for every | € B we define

By (') ={#[1€ B\{I'}.
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B. Let [; : (ADD(r),l;,{x) be an ADD-instruction in /. Then we introduce
the two rules

l; s col; = calja, and 1] : cal; — colgay

and define {l;,1;} to be the corresponding set of labels in W. Observe that only
one of these rules can be applied at the same computation step in II. For the
output registers r, 2 < r < d + 2, we replace a, by (a,,out).

C. The simulation of a SUB-instruction I; : (SUB(r),l;,1x), for 1 <r <2, 1is
carried out by the following rules and the corresponding sets of labels in W:

For the case that the register r is not empty we take {l;,1,#q} U By (L)
into W where

li s col; = colj and I : crar — cy.

If no symbol a, is present, i.e., if the register r is empty, then the trap symbol
# is introduced by enforcing c¢; to be used with #4 : c1d — c¢1#; moreover, this
set of labels should only be used in the presence of I; as otherwise ¢, is enforced
to be used with #; : col — co# for the current label [ just being present in the
system.

For the case that the register r is empty, we take {I}, #,, } U By ({;) into W
with the rule

l; 2 el — ol

If at least one symbol a, is present, i.e., if the register r is not empty, then the trap
symbol # is introduced by the enforced application of the rule #,_ : cia, = c1#;
again this set of labels should only be used in the presence of I; as otherwise
co is enforced to be used with #; : c3l — co# for the current label [ just being
present in the system.

In both cases, the simulation of the SUB-instruction works correctly if we
have made the right choice with respect to the current label present in the system
and the contents of register r.

D. At the end of a successful computation of the register machine M, all
registers r, 1 < r < d + 2, are empty, and M has reached labe [;,. Hence, we
finally add {l,;,} U B (I) to W where I : colp — ¢ and [} : c1d — ¢;.
If during the simulation of the instructions of M by IT no trap symbol # has
been generated, the P system I7 halts with only the catalysts remaining in the
skin region; otherwise, the system enters an infinite loop with the trap rule
Hay o coFt — coFt and {#4}in W.

In sum, we have shown L (M) = PSgen mazpar (II), which observation com-
pletes the first part of the proof.

We now prove the inclusion PSRE C PsOy,. Pi (pcats,ls) and construct the
following purely catalytic P system with toxic objects using the rules already
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explained above:

wr :(O/a{ChCQ}a[ ]1,01€2dlo, ilevw/aO)v
o4 :AUBU{Cl,CQ,d,#},
Otoa: =BU {#}7
H ={l,U'|te BYU{l |l;: (SUB(r),l;,lx) € I} U{#ua | a € {d,a1,a2}},
W= {{ln, B} O A, ) | 5 (40D ()15, ) € T}
U {{li7l;’#d}7{l;7#ar} ‘ li : (SUB (T) 7ljalk) € I}a
Rll = {11 teol; — Cgljar,lg s ol — eslpan | l; : (ADD (T),lj,lk) € I, 1<r< 2}
U {li : cal; = 2l (ar, out) I} 2 cal; — cali (ar, out) |
l; - (ADD (1), 1;,lk) € [,2 <r < d+2}
U {l; : col; = el I 2 crar — 1,1} caly — cali | ;- (SUB(r), 15, 1l;) € I}
U{#Ha:a—=#|ae{d,ar,a}}U{ly:calp = 2.l :cad > 1}

In this purely catalytic P system with toxic objects, besides the trap symbol
itself, exactly the labels from B are toxic, i.e., they must evolve, which guarantees
that a set from W' is used with the correct label. This observation concludes the
proof showing L (M) = PSsgen,mazpar (II'). O

4.6 Generating Number Sets with [Purely] Catalytic P Systems

We now are going to improve the result from [21], where a catalytic P system with
54 rules was elaborated, generating the non-semilinear set of natural numbers
{2" — 2n | n > 2}, and even the improved result from [22] where only 32 rules
were needed. In the following, we construct a [purely] catalytic P system with
29 rules, generating the (standard) non-semilinear set of natural numbers {2" |
n > 1}. Yet we will show even more, i.e., our construction works for any set
of natural numbers representing a function g : N — N which is computed in
rs by the following function program (starting with r; = by and ro = r3 = 0),
with r1, 79,73 representing three registers of a register machine, and with the
parameters by, b1, ba, bs, by being natural numbers, by > 1:

function g(r3):
1: if >0
then begin DEC(ry); ADD(1l,72); goto 1 _end
else goto 1 -
orelsmgin ADD(b3,r3); goto 3 end
2: if 15 >0 S
then begin DEC(ry); ADD(by,71); ADD(b1,r3); goto 2_end
else begin ADD(by,r1); goto 1 end; -

3: HALT
endfunction

The idea of this program is that in label 1 we copy (register) 1 to rq; the
notation DEC(r) means decrementing (register) r by one, whereas ADD(k,7)
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means adding k to (register) r. As soon as register r; is empty, we switch to
label 2 or halt after having added b3 to (the result register) r3 before. In label
2, we copy back the value of register ro to r1, but take it by times, at the same
time adding b; times the value of register r5 to r3, and at the end, when ry is
empty, we add by to ry.
The structures
i: if r; >0
then begin DEC(r;); ADD(1l,r3_;); goto i_end
else goto j -

in this function program correspond with the following instructions in a register
machine program:

i:(SUB(i),7,7)

i': (ADD(3 —1),1,1)

We now describe the functions computed by specific values of the parameters
bo, b1, ba, b3, by; thereby let f;(n), i € {1,3}, denote the value of register i after
n times, n > 0, having gone through the loops 1 and 2, and g(n) the final value
of the function when going through the loops 1 and 2 for n times and then
performing loop 1 once more, yet exiting at the end of loop 1 to halt.

In general, we get f2(0) = fa(n) = 0 for all n > 0 as well as the system of
linear recursions

Ji(n+1) =bafi(n) + by,
fa(n+1) = f3(n) + b1 fi(n)

with f1(0) = bp and f3(0) = 0 as well as the final result g(n) = f3(n) + bs.

Case 1. by = 1:
In this case, we get the system of linear recursions

filn+1) = fi(n) + by,
f3(n+1) = fz(n) + b1 f1(n).

Solving these recursions yields f;(n) = by + byn and, for n > 0,

Fo(n) = £3(0) + S bifi(0) = by S (b0 + bid)
i=0 =0

= bibon + brban(n — 1)/2
hence, g(0) = b3 and, for n > 0,
g(n) = f3(n) +bg = (b1bs/2)n” + (b1bo — b1bs/2)n + b3,
i.e., a quadratic function provided b; # 0 and by # 0.

As a specific example, for (bg, b1,ba,b3,bs) = (1,1,1,0,2) we obtain g(n) =

n?.



92

Case 2. by >1,b1 =1, by =0:
In this case, we get the linear recursions

filn+1) =bafi(n),
fa(n+1) = fz(n) + fi(n)

with f1(0) = by and f2(0) = f3(0) = 0 as well as the final result g(n) = f3(n)+bs,
i.e., for n > 0 we obtain f1(n) = bo(b2)™ and

Fon) = £5(0) + 3 buBa)’ = by 3 (b2)1 = bol((b2)" — 1)/(bs — 1))
1=0 =1

as well as

9(n) = fs(n) +bs = bo(((b2)" —1)/(b2 — 1)) + bs.

As a specific example, for (b, by, b2, b3, b4) = (1,1,2,1,0) we therefore obtain
g(n) =2m.

We now start from the constructions for simulating SUB-instructions as al-
ready exhibited in Subsection 4.3. In order to get even more efficient simulations,
we save the first steps in a specific way; moreover, every ADD-instruction can
be incorporated into the rules of the last steps of the simulations, in a similar
way as this was already done in the construction elaborated in [21]. Thus, for
the function g with the parameters bg, b1, b2, b3, by we construct the catalytic P
system

I12(bo, b1, b2, b3,bs) = (O,C = {e1,ca}, = [ |1, w1, Ry, f = 1) where
0= {a17a27a3vc/17cl27d7#}
wy = c1eaar)opy,
Ry =Ry URy 4,

and R; . consists of the catalytic rules contained in the following two tables:

Simulation of the instructions related with label 1 if

register 1 is not empty register 1 is empty
cra; = c1c) c1 remains idle
Cop1 — C2p) C2P1 — Ca2P2

ey — ad

copy — cap!

ca1pf — e1pras or

c1p! — ciprag

ng — Co

halting: Ccapa — c2(az)b®
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Simulation of the instructions related with label 2 if

register 2 is not empty register 1 is empty
Cala — CaCh co Temains idle
c1p2 = c1py c1p2 — c1pi(aq)™
Coch — cod

c1phy = c1py

coply — capa(a1)??(as)™ or
caply — capa(ar)b2(az)™
Cld — C1

In addition, we have to add trap rules to guarantee that in case of wrong
guesses, the derivation enters an infinite loop with the rule # — # in the
catalytic case (or cs# — c3# in the purely catalytic case). The objects x for
which we have such trap rules  — # in the catalytic case (or csx — c3# in
the purely catalytic case) are # and d as well as, for j € {1,2}, the objects

C;'apj7p;'7p;{aﬁja i'e'7
Rl,# = {.’E — # | S {#7d} U {C;ij?p;vp;'lvpj |.7 € {172}}}

In total this yields 17 catalytic rules in R; . and 12 trap rules in 1 4, i.e., 29 rules
in Ry. Obviously, the same number of rules is obtained for the corresponding
purely catalytic P system IT;, (b, b1,ba,bs,bs) where we simply have to add
the third catalyst cs3 and replace the context-free trap rules x — # by the
corresponding catalytic trap rules c3x — c3#.

We can omit the trap rules when using toxic objects, i.e., if we take

H{E(bo,bl,b%bg,b;;) = (ON,C = {Cl,CQ},OtOI,,U, = [ }1,w1,R1,C,f = ].) where
0" ={ay,as,as,¢},ch,d}
U {pJ'?p;"p;'/?ﬁj |j€{1,2}},
Oto:c = {0/1,0/27(1} U {pjvp;‘vp./j/apj |.7 € {172}}3
wy = ¢iea(ar)™p,

and R; . contains the catalytic rules as listed above. This system now only
contains 17 rules.

How to argue that the catalytic P system IT12(bg, b1, ba, b3, bs) and the corre-
sponding catalytic P systems IT{5(bg, by, b2, b3, bs) and I175(bg, b1, ba, b3, by) work
correctly was exhibited in detail in [10] as well as in [21] and [22]. Yet as we
have reduced the number of rules in a considerable way, we have to argue for
any possible case of decrementing or zero-test register a:

If decrementing of register a is possible, all steps have to be performed exactly
as described in the table. If decrementing fails, then in the last (third) step ¢3_,
must be used with the rule ¢3_,a3_, — c3_qC5_, as not both registers can be
empty during a computation in the register machine. Yet in the next step the
catalyst c3_, is busy with the program symbol p, or p,, hence, with ¢5_, and
one of these program symbols competing for the same catalyst, one of these
symbols will be trapped.
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A successful simulation of testing register a for zero is performed in one
step leaving catalyst ¢, idle. In case the register is not empty, ¢, has to be
generated, and this symbol in the next step will compete for the catalyst ¢, with
the program symbol p3_, and thus one of these symbols will be trapped.

As already explained in [21], we here also mention that when using cops —
CQ((lg)b?’ instead of cop; — cops in order to reach a halting configuration, the
system does not immediately halt, but instead, if having chosen the rule when
register 1 is empty, uses the sequences of rules coas — cach, cach — cad, and
c1d — ¢; (or e1d = ¢1), to clear register 2, so that in the end only the objects a3
remain besides the catalysts. If cops — cQ(ag)b3 is chosen too early, then both
registers may be cleared by using the corresponding rules. The result expressed
by the number of symbols ag is not affected, if we make such a wrong choice at
the end only.

As specific examples, we therefore obtain

Ngen,maxpa?“(nm(l; 17 17()’2)) = {n2 | n Z O}

and
Ngen,mampar(-IYl?(lv 1327 15())) = {2n | n Z 1}

We observe that with respect to the complexity of the systems, especially
concerning the number of rules, there is no difference at all between the sets of
natural numbers growing in a quadratic and in an exponential way, respectively.

In sum, we conclude that all these non-linear sets of natural numbers as
described above are contained in

Ngen,maa:paropl (Cat2)29 N Ngen,maa:paropl (pcat3)29
as well as in

Ngen,maxparOtoxpl (Cat2)17 N Ngen,maxparOtox-Pl (pcat2)17~

If we do not limit ourselves with the number of catalysts, a better solution
with respect to the number of rules is possible, i.e., for the function g with the
parameters by, b1, b2, b3, by we construct the purely catalytic P system

ng(bo, bl, bg, bg, b4) = (O, C = U= [ ]1,w1,R1, f = 1) where
O=CuU {alaa2>a37p17p27phad1a da, dlla /27d7 d/a #}
C= {CT,DEC?”vCT‘,OTeSt | re {]-7 2}} U {Cd7 CP’C#}
W1 = C1,DecrC1,0TestC2,DecrC2,0Test CdCpC# (al)boplde/ld/Qddla

and R; consists of the catalytic rules described in the following.

The main idea of this new construction is to use two catalysts for each register
— one for the decrement (¢, pecr) and one for the zero-test (¢, orest). Moreover,
each SUB-instruction is simulated by two rules, one for the decrement and one for
the zero-test, just allowing the corresponding catalyst to do its work, whereas all
other catalysts are kept busy having introduced d, for ¢, pecr and d]. for ¢, grest.
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The catalyst ¢y for the special symbol d is kept busy by d’; the symbol d is used
for trapping in case an intended decrement fails and can only be allowed to
vanish in the last step. The catalyst ¢, is used with the instruction labels pq, pa,
and py. The catalyst c4 is only needed for handling the trap symbol #.

For each of the two registers r € {1,2}, the following rules perform the
decrement and the zero-test, respectively, in case this operation is initiated by
omitting d, or dl., respectively, in the step before.

decrement ¢, peerGr —+ Cr pecr: if TEgister r is not empty, it is decremented;
Cr Decr@ — Cr Decr: if register r is empty, the catalyst ¢, peer has to be used
with the symbol d thereby introducing the trap symbol #;
Cr,Decr@y —+ Cr,Decr: dr keeps ¢, peer busy if another instruction is to be simu-
lated;
cyd, — cy#: d, is a “toxic” object which must not stay idle;
cqd’ — cgq: d’' keeps cq busy until the end;
cpd — cu#: d' is a “toxic” object which must not stay idle.
zero-test ¢, orest@r — CroTestF: if Tegister r is not empty, a trap symbol # is
generated;
CroTestd, — Crorest: di. keeps ¢, orest busy if another instruction is to be
simulated; for the symbol d!. we do not need an additional trap rule as the
only alternative is already a trap rule.

The following rules initiate the decrement or the zero-test on register 1 or 2
and simulate the program for the function g:

1. ¢pp1 — cpaopidadidsd’: decrement register 1;
cpp1 — Cppadidadhd': zero-test register 1;
2. cpp2 — cp(a1)’2(az)1 padididyd’: decrement register 2;
cppa — cp(a1)prdidadd’: zero-test register 2;
cpp1 — ¢p(as)?prdidadhd’: zero-test register 1 and go to halting.
3. Whereas register 1 is already empty, now also register 2 has to be cleaned
using the instruction label py:
cpPh — Cpprdididsd’: decrement register 2;
cppn, — cpdidad): zero-test register 2 and eliminate py;
cqd — cq: finally ¢4 is allowed to eliminate d;
cu# — cu#: in case something goes wrong during a simulation of an in-
struction, this rule keeps the P system in an infinite loop.

In sum, this purley catalytic P system I1;3(bo, b1, ba, b3, bs) contains only 23
rules. We can save two catalysts by using non-cooperative rules instead of the
catalytic rules assingned to the catalysts ¢, and cy, thus obtaining the catalytic
P system II{4(bg, by, ba, b3, bs). Hence, all the non-linear sets of natural numbers
described above are contained in

Ngen,mamparopl (Cat5)23 N Ngen,mamparOpl (pcat7)23'

Besides the trap rule cug# — cu#, only the rules cpd, — cu#, r € {1,2},
and cxd’ — cx# can be omitted when considering a (purely) catalytic P system
with “toxic” objects, yet this result with 19 rules is even weaker than the previous
one where we also used less catalysts.
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5 Conclusions

In this paper we have investigated and illustrated with several examples the ef-
fect of using toxic objects in various models of P systems. Moreover, we have
given a lot of examples for small P systems accepting or generating specific non-
semilinear sets of vectors of natural numbers or non-semilinear sets of natural
numbers. As our main result, we have improved considerably the result estab-
lished in [21] and even improved the newest result obtained in [22] by show-
ing that 29 rules are enough for generating the non-semilinear set of numbers
{2" | n > 1} with (purely) catalytic P systems and 2 (3) catalysts; using toxic
objects, only 17 rules are needed. Allowing for a larger number of catalysts, with
a new proof technique we could even reduce the number of rules to 23.

For the catalytic P systems/purely catalytic P systems it is still one of the
most challenging questions in the area of P systems whether we really need
two/three catalysts to get computational completeness or at least to accept or
generate a non-semilinear set of (vectors of) natural numbers. Another direction
for future research is to investigate the influence of toxic objects in further models
of P systems.
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Abstract. In this paper we examine P systems with linear membrane
structures (only one membrane is elementary), in most cases considering
systems with at most one object. We prove that two labels, elementary
membrane creation and dissolution, together with the usual send-in and
send-out rules, suffice to achieve computational completeness, even with
the restriction that only one object is allowed to be present in any config-
uration of the system. On the other hand, limiting the number of labels
to one reduces the computational power to regular sets of non-negative
integers. We also consider the possibility of interpreting the sequences
of membrane labels in halting configurations as languages and we prove
that all RE languages can be generated in this way. Finally, we show
that, when multiple objects can appear in the system, it suffices to only
allow one membrane to be labeled differently from the other membranes
to achieve computational completeness.

1 Introduction

P systems with symbol objects are formal computational models of parallel dis-
tributed multiset processing. In the scope of the present paper, we mainly deal
with one object, so the model is reduced to sequential distributed tree rewriting
controlled by one traveler object with a finite memory. Moreover, we assume the
membrane structure to be linear (the tree is a path), with one or two possible
membrane labels. Hence, we are interested in controlled rewriting of strings over
one or two symbols.

Unbounded linear membrane structures have received the attention of re-
searchers in the past, see, e.g., [5] and [4]. In the latter paper, the authors dis-
cussed the generation of languages by representing strings a; - - - a,, as membrane
labels arranged in a linear structure as follows:

lar Lz lan Jan " Tz Jan
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A different example of research where unbounded membrane structures
played a crucial role for obtaining an important result — the computational com-
pleteness of P systems with active membranes without polarizations — is given
in [1], improved in terms of presentation and object/symbol/membrane label
complexity in [3].

This research direction, focusing on the membrane structure — rather than
the multiset of objects in a designated region — as the result of the computa-
tion of a P system, has been recalled during the 12! Brainstorming Week on
Membrane Computing in Sevilla, see [2]. The technique proposed there of how
to generate (the description of) recursively enumerable sets of vectors of non-
negative integers, using membrane structures with only two labels (0 and 1),
where the number of membranes labeled by 1 remains bounded by a constant
throughout the computation, is explained in Section 3. In Section 6 we drop this
restriction, thus generating languages. It was also conjectured that:

With one label and at most one “traveler” we can only characterize linear
sets, even with membrane generation and deletion.

We confirm this conjecture (referred to as “the regularity conjecture”) in Sec-
tion 4. Finally, in Section 5 we discuss variants of the model leading to weak
computational completeness, while in Section 7 we strengthen this result by
considering multiple objects.

2 Definitions

We assume the reader to be familiar with the basic notions and results of formal
language theory, e.g., see [11], and of membrane systems, see the monographs
[9] and [10] as well as the P systems webpage [12].

The families of regular and recursively enumerable string languages are de-
noted by REG and RFE, respectively. The corresponding families of sets of num-
bers as well as of vectors of numbers are denoted by NREG and N RE as well as
by PsREG andPsRE, respectively. The languages generated by matrix gram-
mars are denoted by M AT. The corresponding families of sets of numbers are
denoted by NMAT.

A regular (right-linear) grammar is a construct G = (N, T, S, P), where N is
the set of nonterminals, T is the set of terminals, S is the start symbol, and P is
a set of rules of the form A — bC and A — A with A,C € N and b € T (A is the
empty string). The language generated by G is defined as the set of words over T
which can be obtained from S by sequentially applying the rules from P. Without
loss of generality we may assume that G is reduced, i.e., every nonterminal in N
is reachable from S and from every nonterminal A € N (eventually except S, if
the empty set is generated by the set of rules {S — aS}) a terminal string can
be derived. The family of languages generated by (reduced) regular grammars
exactly coincides with REG.

A linear grammar is a construct G = (N, T, S, P), where N, T, and S are
defined as above, while P is a set of productions of the form A — «, where
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A € N and w is a string over N U A such that it contains at most one symbol
from N. The language generated by G is defined in the same way as in the case
of regular grammars. A language is called linear, if it is generated by a linear
grammar.

A register machine is a tuple M = (m, B,lo,lp, P), where m is the number
of registers, B is a finite set of labels, Iy € B is the initial label, I, € B is the
final label, and P is the set of instructions bijectively labeled by elements of B.
The instructions of M can be of the following forms:

o [ (ADD(]),IQ,Z:_),), with [; € B\{lh}, lg,lg € B, 1< <m.
Increases the value of register j by one, followed by a non-deterministic jump
to instruction Iy or l3. This instruction is usually called increment.

o [1: (SUB(j),lg,lg), with {; € B\{lh}, 12,13 eB, 1< 7 <m.
If the value of register j is zero then jump to instruction l3; otherwise, the
value of register j is decreased by one, followed by a jump to instruction Is.
The two cases of this instruction are usually called zero-test and decrement,
respectively.

e [, : HALT. Stops the execution of the register machine.

A configuration of a register machine is described by the contents of each register
and by the value of the current label, which indicates the next instruction to be
executed. Computations start by executing the instruction /g of P, and terminate
with reaching the HALT-instruction l;. We say that M computes the output
values y1,..., Yk, ¥; €N, 1 < j < k,ontheinput z1,...,2,,z; € N, 1 < i < n,if,
starting from the initial configuration in which the first n registers of M contain
the values z;, the machine reaches the HALT-instruction with the values y; in
its first k registers.

Register machines are well-known computationally complete mechanisms,
e.g., see [8].

2.1 P Systems with Membrane Creation and Dissolution

A P system with membrane creation and dissolution is a construct defined as
follows:

II'=(0,H,p,hi,- - hoywi, - wp, R) where

O is the (finite) alphabet of objects;

H is the (finite) alphabet of membrane labels;

— p is the initial membrane structure consisting of n membranes labeled by
elements of H;

h; € H, 1 <i < mn, is the initial label of the membrane i;

w; € 0%, 1 < i < n, is the string which represents the initial contents of
membrane i;

— R is the set of rules.
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Each rule in R is of one of the following types (we avoid the label (a) because
it is usually reserved for evolution rules):

(b) [hz a[hl ]h1 }hz — [hé [h/l b]h/l ]h’za
a,b € O, hy,ha, W}, hly € H — send-in rule,
(C) ho [h1 a]hl ]hz — [h/z b[h/l ]hll ]h’2a
a,b € O, hy,ha, b, hly € H — send-out rule,
(d) [hz [h1 a]h1 }hz - [h’Q b}hé,
a,b € O, hy,ha, hly € H — membrane dissolution rule,
(e) [n,aly — [h’l (1 b]hg}h/l’
a,b € O, hy,ha, by € H — membrane creation rule.

A rule of type (b) consumes the symbol a¢ in a membrane with label hy and
puts a symbol b into an inner membrane, rewriting the labels of the involved
membranes. Symmetrically, a rule of type (¢) consumes an instance of a in a
membrane with label hy, which is located within a membrane with label hs, and
puts an instance of b into the latter membrane, rewriting the labels.

A rule of type (e) consumes an instance of a in membrane with label hy and
adds to it a new membrane with label ho, with an instance of b inside. The label
of the original membrane is rewritten to h}. Symmetrically, a rule of type (d)
consumes an instance of a in a membrane with label A1, which is located within
a membrane with label ho, copies all the symbols from the membrane with label
h1 to its parent membrane, discards the membrane h1, adds a b to the membrane
he and rewrites its label to hj.

The rules are applied in the maximally parallel way, with the restriction that
in one derivation step at most one rule of types (b), (¢), (d), and (e) can be
applied per each membrane labeled by h; in the definition of the rules given
above. We deliberately avoid evolution rules, so that no parallelism can happen
at the level of any membrane.

A configuration Cy, of the system II consists of the description of the mem-
brane structure p, the labeling of the membranes, and the multisets over O
representing the contents of the regions. A configuration is called halting if no
more rules are applicable any more. A computation of IT is a sequence of con-
figurations (Ck)1<k<m, where C is the initial configuration, C,, is a halting
configuration, and Cy41 is obtained from C} by applying the rules from R.

Note: In the following, we will restrict ourselves to P systems with linear mem-
brane structure. In such systems, membrane creation should never be applied in
a non-elementary membrane, otherwise a non-linear membrane structure would
be obtained, which is unwanted in the model of the current paper. In Section 3,
the P system is constructed in such a way that the object triggering membrane
creation would only appear in the elementary membrane. However, in Sections
4 and 5, the setup is more restricted (e.g., one label only), which would yield
too restrictive P systems. To overcome this, we impose the following restriction:
membrane creation rules are disabled in non-elementary membranes. We refer
to this kind of rules as (e.). In a similar way, we are interested in membrane
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dissolution rules which are disabled in non-elementary membranes, and we de-
note them by (d.). Clearly, for each of these membrane dissolution and creation
operations, the constructions in Section 3 work for either variant (emphasizing
(de), otherwise the decrement could be simplified). The regularity conjecture
originally assumed only elementary dissolution to be used as well as results only
to be obtained at halting with the object in the elementary membrane.

In Section 5 we also consider the following type of rule (introduced already
in [4]; we have removed the object in the inner membrane on the right side
to let the systems considered in the paper have at most one object during the
computation):

(f) [n,aln, — [h’l b}, ]hz}h/l’
a,b € O, hy,ha, by € H — membrane duplication rule:

the membrane hq, in the presence of an object a, is duplicated, that is, the label
hi is changed into R, the object a is replaced by b and a new inner membrane
labeled by hs is created; all the contents of membrane hy (membranes or objects
except this copy of object b) is now inside membrane ho.

Note: In [4] the authors have assumed the outer membrane to be the newly
created one; it makes no difference as long as we can change both labels by this
rule. However, we prefer to view the inner membrane as the new membrane.
This lets us keep h} = h; whenever we need it.

Moreover, the following simplifications/restrictions are made to the rule types
in Section 5: membranes hg, hf are not mentioned in the notation of rules (b), (c)
and (d), which means that the listed rules act independently of the corresponding
external membranes and do not modify them:

(br) a[hl ]h1 - [h'1 b]h’17 a,b€ O, hy,hy € H,

(cr) [hl a]h1 — b[h,l ]h'l’ a,be O, hy,h} € H,

(dr) [, al,, =0, a,b€O, hy € H (we write (d,) if the rule is only applicable
for the elementary membrane).

One difference, not relevant for P systems with at most one object, is that the
outermost membrane, not reflected in a rule, is no longer bound by this rule,
and can simultaneously be used for some other rule with a different object.

3 Length P Systems

In what follows we will consider a special class of P systems with membrane
creation and dissolution. A length P system II is a P system with membrane
creation and dissolution which has the following properties:

— the membrane structure is linear in every configuration, i.e., every membrane
has at most one inner membrane;
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— the membranes in any configuration of IT reachable from the initial one are
labeled by one out of at most two labels only.

Consider a halting configuration C' of a length P system II and construct
the sequence of membrane labels (h;)1<i<n, in which h; corresponds to the
label of the skin membrane, ho to the label of the membrane inner to the skin
membrane, etc., and n is the number of membranes in C. Since h; is a member
of a two-element set, we can interpret this sequence as a vector of numbers coded
in unary by runs of one label and separated by instances of the other label. This
vector of numbers will be considered as the output of the length P system II.

Following the same convention, we can define the input of IT as a two-label
membrane structure coding a certain vector of numbers, i.e., for an input vector
v = (v1,v2,...,Vy), we construct the initial configuration of the length P system
Il with the membranes labeled according to the string a10¥110%21...10""13
over H, where a,8 € H* are fixed and do not depend on v. For a different
example of designing P systems with the membrane structure being a part of
the input, see [6].

We will now show that length P systems with the input supplied via the
membrane structure are computationally complete. To achieve this goal we will
take an arbitrary register machine M and simulate it by the length P system II;
which only uses two labels H = {0, 1}, only the skin membrane is not empty in
the initial configuration and contains g5, and the sequence of initial membrane
labels written as a string hihs - - - hy, has the form 110711072 ...10%=1, where
R;, 1 < i <m, is the value of the i-th register of M.

The evolution of the system starts with the rule

[hq8[1 ]1]h_> [h[1Q1,1]1]h70§h§ 1,

where the symbol g; ; represents the first instruction in the program of M and
also keeps the information about the fact that it is located in the region of the
membrane structure corresponding to the first register of M. We use the generic
label h in this case to show that we do not ever depend on the actual label of the
skin (as the traveler can detect that it is in the skin by counting the membranes
labeled by 1 it traverses on its way out).

To simulate an increment of the i-th register of M, we need to add a mem-
brane to the membrane structure and assure that the sequence of labels changes
from 110%1...10% ... 1081 to 110%1 ... 10Ri*+1... 108 1. We start with the
symbol ¢; 1 in the inner membrane of the skin, where [ is the label of the in-
crement operation, and we move it to the innermost membrane, counting the
registers we traverse on that way:

[hql,j[o]o]h%[h[oql,j}o]hv _
[th,j[l ]1]h_> [h[1QI,j+1]1]h71§J <m, 0<h<L

When we reach the end marker of the last register, we go into the innermost
membrane and add a new membrane:

[1 C]z,m+1]1 — [1 [081,m+1]0]1-
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We have now changed the sequence of labels from 110%1 ... 10%i ... 105" 1 to
110R1 ... 108 ... 108= 10,

The series of s-symbols will now swap this new membrane label 0 with the
labels of the other membranes, in order to obtain a new membrane labeled by 0
in the zone of the membrane structure corresponding to register R;:

[o[oshj]o]o - [osl,j[o ]0]07
[1[ostiloli = [osti—1ly 11 ]gi<i<m+1

When we produce the symbol s; ;, we have already pushed all labels corre-
sponding to the registers with numbers greater than ¢ towards the innermost
membrane and we have added a membrane labeled by 0 to the zone correspond-
ing to the i-th register. The following rules move the s-symbol back into the skin
membrane:

[nlostiloln = [nstilo Joln

plisiilily = hsig=l 141, 1< <4, 0<h< L

Finally, s;0 produces the symbol corresponding to the next instruction ! of
the register machine:

[hsl,0[1 h]h_) [h[lql/,l]l]hvoghg L

The simulation of a decrement and zero-check of the i-th register of M is
symmetric to the simulation of an increment: we start with finding the zone of
the membrane structure corresponding to the i-th register:

[hth[o ]O]h_> [h[oql,j]o]hv ) _
[hth[l ]1]h—> [h[IQZ,j+1]1]h71§] <i, 0<h<1

If the value of the register is zero, the symbol ¢;; immediately encounters
another membrane with the label 1, so it produces the corresponding signal
symbol:

[1 qhih ]1]1 - [1 [1Zl,i+1]1]1'

The signal symbol then travels to the skin membrane:

[h[ozl,j}o]h% [hzlyj[o ]O}h’

plizgli = izl 11,17 <4, 0<h <1

Finally, in the outer membranes, z; produces the symbol coding the next
instruction I’, corresponding to unsuccessful decrement:

[hzl70[1 ]1}h_> [h[l(ﬂ’,lh]hvoghg L.

If, however, ¢;; detects that the i-th register is not empty, it produces a
different signal symbol:

[1qhi[o ]0]1 — [1 [odlﬂ']o]y
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This symbol moves all membrane labels one step outwards:

[odl,j[o]o]oé[o[odl,j]o}oa ZS]va
[odlyj[l ]1]0 — [1[0dl,j+1]0}17Z <j<m.

When it reaches the end of the zone of the membrane structure corresponding
to the m-th register, d; 41 dissolves the innermost membrane:

[1 [Odl,m+1}o]1 - [1 Sl,m+1]1~

Now the s-symbol goes outwards to the skin membrane:

[n lostiloln = [nsuilo Joln _
[h[lslvj]l]h—> [hslvj—1[1 ]l]h’ 1<j<m+1, 0<h<1.

Finally, s;0 generates the symbol coding the next operation I”, corresponding
to a successful decrement:

[hsl,o[l ]l]h_> [h[lql”,l]l]h;OShS 1.

Note: The construction can be rewritten in such a way that only one membrane
participates on the left side of any rule. In that case the total number of mem-
branes labeled by 1 will no longer remain a constant, yet will still stay bounded.
In the construction presented above, however, the number of membranes labeled
by 1 is constant during the computation, namely, it is m + 2. Indeed, membrane
creation and membrane dissolution rules do not modify the label of the outer
membrane, while communication rules either keep unchanged the labels of the
two membranes they work with, or they swap them. The number of membranes
labeled by 1 may be reduced by one, by starting with the skin labeled by 0;
this does not affect the proof. Moreover, with a technique mentioned at the end
of Section 5 the innermost membrane labeled 1 may be avoided. For the spe-
cial case m = 2, in Section 5 we present a construction where, using membrane
duplication, we avoid even the membrane labeled by 1 which separates the rep-
resentation of the two registers, by keeping track of this position with the object
itself.

Before describing that specific result, we proceed with the conjecture that
length P systems with one label only generate regular sets of numbers, in case
elementary membrane creation, elementary membrane dissolution and commu-
nication rules are used.

4 On the Regularity Conjecture

Clearly, any regular set of numbers can be generated with rules (e) only, sim-
ulating each rule pa — ¢, p — g of a finite automaton accepting a one-
letter language (for which, without restricting generality we require that every
state except g, is non-final and has at least one outgoing transition) by rules
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[oPlo = [oloqlolo and [yp]y = [y [y qnly], respectively. Here, the skin and
the elementary membrane are to be seen as additional endmarkers (as otherwise
only numbers > 2 could be generated). Interpreting the elementary membrane
as an endmarker can be avoided by additionally using a rule of type (d), i.e., of
the form [0 [OQh]O]O - [Oqu}O'

There are two possible reasons why the power of length P systems with one
label and one object is restricted. The first reason (R1) is that the object can
never detect that it is in the skin (unless we additionally allow the skin to have
a distinguished label). Indeed, if C' = C” is one computation step, then it is easy
to see (just by looking at all kinds of rules) that

[0Clo=1,C"], (1)

is also a valid computation step. This immediately generalizes to multiple mem-
brane levels and multiple derivation steps:

C =" C implies [y [, Cly1o="lo 1o C'lo- Jo- 2)
——

The second reason (R2) is that the total membrane depth can only be in-
creased while the “traveler” is in the elementary membrane (unless we addi-
tionally allowed membrane duplication rules). Let us denote by C' =4ive C’ a
“membrane dive”, i.e., such a computation fragment that the object is in the
elementary membrane in both C and in C’, but never in the intermediate con-
figurations. Let us also denote by (n,a) the configuration consisting of a linear
structure of n membranes, the elementary one containing the object a:

<n7a>:[0...[0 a]O'“]O‘
——

n
Clearly, for any a,b € O, one of the following cases is true:

— There exists some minimal value n € N for which (n,a) =qive (1, b) is true.
Let us denote this value by n(a,b). We recall from (2) that (n, a) =give (n,b)
holds for any n > n(a,b).

— (n,a) =aive (n,b) is not true for any n € N.

We denote by 7 the maximum of values n(a, b) over the first case. We denote
by N the set of all numbers not exceeding n generated by the length P system.
We denote by A the set of all objects a € O such that (7, a) is reachable in the
length P system.

It is easier to confirm the conjecture for the case when membrane dissolution
is only allowed for elementary membranes. Then, the power of the length P sys-
tem is described by the union of the finite set N with the power of a partially
blind 1-register machine, starting in a state corresponding to an object from
A with 7 in its only register, which does not modify the register during tran-
sitions from state a to state b for which (n,a) — (n,b), and whose increment
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and decrement instructions correspond to creating and dissolving elementary
membranes.

It is known, see, e.g., [7], that the number sets generated by partially blind
1-register machines are equal to NM AT = NREG. Finally, in this case it is
immediate that the membrane structure cannot change between the last time
the object is in the elementary membrane and the halting.

Note: The regularity conjecture remains valid even if non-elementary membranes
can be dissolved. Indeed, a similar (non-constructive) argument can be made;
we only describe it informally. For any two symbols a,b € O, either there exists
some minimal number m € N such that (m,a) = (m + 1,b), and we denote it
by m(a,b), or this derivation is not possible for any m € N. Then the behavior
of the length P system can be decomposed into a finite part (the membrane
structure depth not exceeding the maximum of all defined values m(a,b)), and
a regular part defined by the binary relation over O which is the domain where
m(a,b) is defined. As for the computation between the last time the object is in
the elementary membrane and halting (in case halting is not in the elementary
membrane), this should also preserve regularity, because without being able to
test for skin and without returning to the elementary membrane, we just have a
finite control walking across the unilabeled membrane structure, and membrane
dissolution in this case can only perform some regular erasing transformation.

5 Weak Computational Completeness

In this section we show that we can construct length P systems with one label
which are weakly computationally complete, assuming the following ingredients:

— Membrane duplication rules are allowed (nullifying reason R2).

— The skin can be distinguished (nullifying reason R1) either by being the only
membrane with another label (s = 1), or by having its own set of rules R;.
We use the first case for the presentation of the result.

— As typical in membrane computing, dissolution is not limited to elementary
membranes.

— Membrane creation rules are disabled in non-elementary membranes. (Alter-
natively, if one allows to also have special rules for the elementary membrane,
we may forbid membrane creation in the rest of the system).

The result relies on simulating 2-register machines, storing the register values
in the multiplicity of membranes, using the object to separate the two numbers.

[1[0'”[0a[0'“[0]O'“]O]O'“]O]l (3)

We first present a simpler construction, assuming an additional elementary
membrane labeled by 1. In this case, membrane creation rules are not even
needed, because membrane duplication suffices.
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Indeed, the first register is tested for zero by using the skin rules (duplicate,
enter, dissolve). The second register is tested for zero by entering one membrane,
checking its label and exiting it.

The increment is done by a duplication rule (f) in the case of the first register,
followed by entering the newly created membrane.

The decrement is performed by a dissolution rule (d) in the case of the second
register, preceded by moving the object into the next membrane.

We proceed to the formal description of the simulation (membrane label h
stands for any of 0 or 1).

(l4 : ADD(1),ls,13) is performed as:

Wil = L llo Joln ilo Jo = [ol2los hilg lo = [ols]e
(Iy : ADD(2),ls,13) is performed as:

[ [nl2lo Jolps [nla]) = [nislo To 1

l1 : SUB(1),l2,13) is performed as:

=Ll Jolys tilo o = Lol o [l ] = Is-
ly: SUB 2) la,13) is performed as:
11y 011y = los

] [1l,1]14>13[1}1'

Notice that the first three operations above — ADD(1), ADD(2), and SUB(1)
— operate identically in the absence of the elementary membrane labeled by 1,
and so does the first line of SUB(2), corresponding to the decrement case. Using
membrane creation (e) (immediately followed by dissolution) to test for the
membrane to be the elementary one, it is possible to avoid the extra elementary
membrane labeled by 1, and to stay with the representation (3): we replace the
last two rules of the construction given above by the following ones:

[hll]h*> [h[ollll]o}ha [ollll}o 4>l3~

In this way, using only one label for non-skin membranes, weak computa-
tional completeness of length P systems is shown with one object, by taking
advantage of rules creating non-elementary membranes under the assumption
that elementary membrane creation is disabled in non-elementary membranes.

6 Generating Languages

In this section we no longer require that the number of membranes labeled by 1
is bounded by a constant. This allows us to generate binary languages: the result
of each halting computation is the sequence of labels in the obtained membrane
structure. The aim is to generate all recursively enumerable binary languages
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(the skin is the left delimiter; the restricted rules do not permit changing it, and
it is always forbidden to dissolve the skin membrane in membrane computing).

This result is not straightforward because of the following problem: we can
only detect that the object is in the skin by using membrane labels. However,
the approach from Section 3 does not work, since it takes unboundedly many
membranes labeled by 1 to represent binary words, and we cannot find the skin
by counting them with one object. Hence, we have to use encoding. We choose
the following representation: the left marker is represented by bits 11, the right
marker is represented by bits 10, symbol 0 is represented by bits 00, and symbol
1 is represented by bits 01.

Suppose that we have a two-symbol {0, 1}-Turing machine M, which uses the
encoding mentioned above to simulate some (arbitrarily chosen) Turing machine
M’ with two symbols 0 and 1 and the endmarkers [ and r, with the following
conditions:

— the head never moves to the left of the left marker;

— the right marker cannot be overwritten by 1;

— if the right marker is overwritten, then the next instructions write the right
marker and move the head to the position immediately to the left of the
right marker.

Clearly, any recursively enumerable language may be generated by such a
Turing machine M’. Moreover, without restricting generality we may assume
that the routing of M, corresponding to moving the right marker by M’, starts
by detecting that the first bit is 1, and that distinguished states are used from
this point, until the marker is written in the neighboring position.

We proceed with simulating M by a length P system. The sequence of labels
of membranes corresponds to the contents of the tape of M between the end-
markers, including them, with the additional skin membrane labeled by 1 (this
membrane will never be involved in the rules, but it prevents the object from
leaving to the environment), hence, the three outermost membranes are labeled
by 1.

Consider an instruction ¢ : (¢, a,b,d, q') where ¢ and ¢’ are the old and the
new state, respectively, a is rewritten by b, and d denotes the direction the head
has to move (L means left, R means right). In case the head is not over the
endmarker, or the endmarker is not moved, i can be simulated as follows:

[aq]a—>q’[b]b ifd=1L;
,al, ~al,l,al, ], ~lelyel.]l.— e, 0<c<1lifd=R.

To simulate instructions (g, 7,0, R, q1), (g1,0,7, L, q") of M’, we use the following
rules:

[1Q]14)Q1[1]17 QI[1]14>[0q2]07 qQ[o]o*}[qu]oa
[()(]3]0_> [0[1(]4]1}0» [1(]4]1 — [1[QQ5]0]17
[oq5]0_>q6[0]07 [1qG]1_>Q7[1]17 [0q7]0_>q/[0]0'
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To simulate instructions (¢,7,0,L,q1), (¢1,a,7,L,q"), 0 < a <1 of M’ we use
the following rules:

[1(]]1—>CI1[1]1, (I1[1]1_>[OCI2]O,(]2[0]0_>[0(]3]07
[0q3]0_>q47 [0q4]0_>q57
[aQ5]a _>Q6[0 }0; OSG/S 17 [0q6]0_>q7[1 ]1a [bq7]b_>q/70§b§ 1.

It only remains to remove the encoding of symbols after M has reached the
final state gf. The decoding can be done from left to right, one symbol at a
time, moving the left marker to the right of the decoding symbol (1100 becomes
011 and 1101 becomes 111). Furthermore, since we have restricted the scope of
membrane dissolution to elementary membranes only, to perform such a rewrit-
ing shortening the label sequence by one symbol, membrane labels have to be
shifted outside by one position. We may assume, without restricting generality,
that M’ halts with the head over the last symbol. Hence, in the length P system
being constructed, object g, appears in the elementary membrane. We add the
following rules:

[OQHO%SO, [180]1%810[0]07

[, Sbel, = Savely 1y Lo Sabely = S0al, 1,0 @50, ¢ € {0,1},
[1510a); =~ tl, 1, tl,lo = [Lt], 0<a<l,
ol = [,t"], t[,],—~[ti]l, 0<a<l,
t1[0]0—>[0t2]07 tz[a]a_)[atl]a’ 0<ac<l,
t1[1]1_>[1t3]17 t3[0]0_>[()Qh]07

[15110]1 —>d1[1 ]17 d1[1 }1 — [0d2]07
d2[1]1*>[0d3]07 d3[0}04>[0d4]07

[0d4]0*>d5, [Odt’)}o‘)dﬁa [0d6]04>d7'

The last seven rules correspond to the final phase of the decoding. When
all symbols have been moved to the left of the left marker, the latter becomes
adjacent to the right marker. The procedure above already deleted one of the four
membranes corresponding to the markers. Symbols d; move across the remaining
three membranes that have served as markers, delete them and halt with the
sequence of membrane labels corresponding exactly to the string generated by
M (not including the endmarkers), prefixed by 1 for the skin (for the technical
reason described above).

Since the choice of the underlying machine M’ simulated by M was arbitrary,
it immediately follows that (when the number of membranes labeled by 1 is not
bounded) length P systems generate all recursively enumerable languages over
two symbols.

This result can be easily generalized to generating the full RE family, either
under a suitable encoding of symbols, or with length P systems having the
corresponding set of membrane labels. However, the most interesting part was
to show how binary languages were generated by length P systems with two
labels only.

In a similar way, one can also speak about length P systems with input (given
by the membrane structure), either accepting languages or even computing par-
tial recursive functions on them. However, if the underlying alphabet of the input
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language matches the alphabet of possible membrane labels (e.g., {0,1}), then
the input has to be given in some encoding, because it is otherwise impossible
to detect where the beginning of the input is.

7 Multiple Objects

In this section we consider systems not restricted to only have one object. This
makes it possible to have at most one membrane labeled by 1 at a time in any
computation, and to still generate all recursively enumerable sets of vectors, even
with rules (b;), (¢), (der), and (e.) only.

We start with the membrane structure of m+4 levels, all membranes labeled
by 0. Initially, the skin is empty, the traveler is in the membrane inside the skin,
and the next m + 1 membranes contain objects marking the register boundaries:

[o[oto[obl[o [0 [obl"'[obl[o [0 [obl[o ]0 ]o ’
—— —— ——
Ry Ry, m+4+37" R,

all the values Ry, --- , R,, initially being 0.

The traveler crosses the membrane structure, counting the number of markers
it meets (¢; means the marker is in the space corresponding to register ). Meeting
the marker is done as follows. The traveler enters a membrane and sets its label
to 1, to see whether it contains a marker:

ti[O ]0 — [ltial}l'

It waits for two more steps by going into the next membrane and back out:

ti,l[o ]0 - [oti72]o’ [oti72]o - ti73[0 ]o'

The traveler then returns to the membrane being inspected. If the label remained
1, then there was no marker there, so the traveler resets the label, exits it and
continues:

[1 ti’3]1 - ti’4[0 ]0’ ti,4[0 ]0 - [0 ti]o'

The following diagram illustrates the trajectory of the traveler in the absence of
the marker:

If the traveler meets a marker b, the marker resets the label:

[161]1 —)bg[o ]O'
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Then the traveler and the marker use the membrane label to communicate. The
possible messages from the traveler to the marker are “ok, I see you”, “move one
level out”, and “move one level in”. These can be communicated by the time the
traveler sets the membrane label to 1 for the second time:

[ob2]0_>b3[o]oa [0]0_>[0b4] [ob ]0_>b5[0]0a b5[0]0_>[0b6]07
bel, 11 = [obilgs belg o = [ob7lgs [ob7]lg = bsly g

[0b8]0—>b9[0]07 [ ]0 [ b10]07 [0 10}0—>b11[0]07bll[0]0_>[0b12]oa
b12[1}14>[0b13]07 [0 13]04>b1[ ] b2 [0}04)[0 /13}07 /13[0]04>[obl]0'

According to the rules described above, the marker performs the routine of
exiting the current membrane (let us refer to it by h), waiting for four steps
by twice exiting/re-entering the parent membrane of h, and then re-entering
membrane h. When the marker b; exits membrane h, it resets the label to 0,
letting the traveler know it is there. At the end of the routine, if the label is 1
again, then the marker does not take any further action, returning to state by. If
the label remained 0, the marker b; repeats the same routine. Depending on the
label of h when it comes back as b1o, the marker moves inside one membrane or
outside one membrane.

Note that the fact that evolution rules are not allowed makes it necessary to
have the marker cross a membrane in order to change its state.

The rest of the construction describes the work of the traveler. To simply
move inwards across the membrane structure, the following rules are used:

[otialy = tialy 11 tialy 1y = [Ltis ] tislo 1o = [otis g [otielo = tivily 11

The last two steps are used to wait until the marker has reset the label of A
to 0 before setting the label of the child membrane of h to 1, keeping the number
of membranes labeled by 1 at most 1 at any time.

The following diagram illustrates how the traveler checks the marker:

_b3 _bs
by T, T b
150 \1%0
t; _tia -
by =L b, /041 \ by
tia i3 tis tit1
’ T~ T~
ti2 tie

Altogether, the rules above are similar to the corresponding part of the con-
struction in Section 3 which corresponds to traversing the membrane structure
outside-in, counting the markers.

Now consider that the markers move one level inside (we add superscript + to
the notation of the traveler) or outside (we add superscript — in that case). Such
operations are required to simulate the increment and decrement instructions of
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a register machine.

lotizlo = tialo lor tialo o
tislolo = lotielo lotislo = tizlo lo:
t77[o]0_>[0t;,8]07 [0t58]0_>t:9[0]0’
[oti9]0_>t;,10[0}07 t;,lo[o}o_)[ltzllhﬂ
tiill[o ]0 — [ot;12]07 [ot;,u]o - tZJrl[o ]o

The role of the last two steps is to wait until the marker resets the label to 0 be-
fore the traveler considers the next membrane. The following diagram illustrates
how the marker moves one level outside:

by i R

by bs bs b1o b12 b1

N
- . / t;10 1—0 « /
/ \ br /S bis
tis tis 3 tir 3 lig ti11 it1
XC < x——

| 1 t,- o |

In the case when the marker should be moved inside, the construction is similar,
except that the traveler with subscript 10 should not change the label of h to 1.
Moreover, we change the path of the traveler because the marker will be entering
the child membrane of h while changing its subscript from 13:

[0 1,3]0 i 0 i, ]0,
t:S[o]oﬁ[ot;tG]m [ot:6]0_>t:t7[0]oa
tvﬂ[o lo = [ot;tés]m [Oti8]0_>ti9[0]oa
[Otif'&J]o_)tjlo[o]o tuo[o}o_)[otj,n}oa
[otz,rll]oﬁtjrm[o] 7[0 112}0_>t;t13[0}07
tvflS[o]o o 114] . 114[0}0%[075#1}0

The following diagram illustrates how the marker moves one level inside (starting
with objects with subscript 10).

+
- b1 . ti,13
N

+ +
b1o 1o ti1a
+
ti10 bio

\ ~~ \t
13 i+1
+
t1 11
X

’ by
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Traversing the structure inside-out can be done in a similar way:

[07"”0 — Ti[o ]07 [1ri75]1 — 74271[1 ha

together with all rules from above operating on objects ¢;,%;1,--- ,t;4 on the
left side, accordingly renaming objects t;, ¢; j, 1 < 7 < 5 into r; and 7; ;. Here,
as opposed to the case of the outside-in travel, there is no need to wait for two
last steps, because the label of A will be reset to 0 before the label of the parent
of h may be changed. Clearly, traversing the structure inside-out with moving
the markers may be also done in a similar fashion.

Having shown all scenarios above, we skip making the construction like that
in Subsection 3, leaving the details to the interested reader.

Now consider to simulate an arbitrary register machine M with m = 3
registers and the condition that it halts with the last two registers being empty.
Simulating M and finally erasing m + 3 = 6 innermost membranes (we view
the skin as an additional endmarker, since otherwise 0 cannot be represented)
implies strong computational completeness with at most one membrane labeled
by 1 at a time, only using rules of types (b,), (¢), (der) and (e.). It is immediate
that one can also speak about generating PsRE with at most one membrane
labeled by 1 at a time, if the corresponding convention of taking the result as
vectors of numbers of membranes separating the objects is used.

8 Discussion

We introduced P systems with a linear membrane structure (i.e., only one mem-
brane is elementary) with at most one object. The result of such systems, called
length P systems, is either the total number of membranes at halting, or the vec-
tor of numbers of consecutive membranes labeled by 0. In Section 3 we presented
the simulation of register machines with any fixed number of registers.

The power of length P systems with one object and one membrane label
depends on two factors: whether the object can detect the skin membrane, and
whether non-elementary membrane creation is allowed. The first factor is related
to the zero-test of the “first” register, and the second factor is related to the
possibility of effectively operating with two numbers instead of one. Since the
regularity conjecture assumed that these two ingredients are not allowed, we
confirmed the conjecture.

In Section 5 we showed that removing both of these conditions leads to P
systems being weakly computationally complete. Questions arise about interme-
diate extensions.

We now formulate the following two conjectures:

Conjecture 1. Length P systems produce only regular languages even when
membrane duplication is allowed (i.e., without reason R2). The intuition be-
hind the conjecture is that such P systems relate to 2-register machines, where
one register is blind (i.e., it can be incremented and decremented, but cannot
be tested for zero, and the computation of the machine is discarded without a
result if decrement of zero is attempted).
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Conjecture 2. Length P systems produce only regular languages even if the skin
membrane has a distinguished label (i.e., without reason R1). The intuition
behind the conjecture is that such P systems should relate to 1-register machines,
but for the proof many more cases would have to be investigated.

In Section 6 we showed how to generate languages by length P systems when
the number of membranes labeled by 1 is unbounded, and in Section 7 we showed
how to generate vector sets with at most one membrane labeled by 1 at a time,
with restricted rules, by using multiple objects.
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Abstract. We consider purely catalytic P systems with two catalysts
together with promoters and inhibitors on the rules. We show that com-
putational completeness can be achieved in a deterministic way by using
atomic promoters or sets of atomic inhibitors. Using atomic inhibitors
computational completeness is achieved using a non-deterministic con-
struction.

1 Introduction

Catalytic P systems are one of the first models in the area of P systems. This
model allows for context-free (non-cooperative) rewriting rules like a — u, where
a is a single symbol, as well as contextual (cooperative) catalytic rules of the
form ca — cu, where c is a special object — the catalyst — present in one copy. The
number of catalysts is a natural descriptional complexity parameter for such sys-
tems. It is known that systems with two catalysts are computationally complete,
see [5, 14], while systems with no catalysts generate PsREG. The computational
power of systems with one catalyst is still an open question. When additional
ingredients are used, then such systems become computationally complete, e.g.
when using promoters/inhibitors [11, 17] or different rule control mechanisms [8].

In purely catalytic P systems only catalytic rules are allowed, which limits
the degree of the parallelism to the number of catalysts in the system. Such
systems are very similar to catalytic P systems, however, not always the proofs
can be translated from one model to another one because they should take into
account the limitation of the parallelism. In many cases, the same results hold
for purely catalytic P systems with n catalysts and catalytic P systems with
n — 1 catalysts. For example, three catalysts are sufficient for the computational
completeness of purely catalytic P systems. With one catalyst such systems are
identical to sequential context-free multiset rewriting grammars, so they can
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generate exactly PsREG. As in the previous case, the computational power of
such systems with two catalysts is not yet known and different extensions have
been studied in order to increase the computational power.

Promoters/inhibitors are special variants of permitting/forbidding contexts,
which correspond to a single permitting/forbidding set and an empty forbid-
ding/permitting set. It is known that non-cooperative P systems with either
promoters or inhibitors of weight 2 are computationally complete, see [3]. Re-
cently, in [1] it was shown that computational completeness cannot be achieved
by deterministic non-cooperative systems with promoters, inhibitors and prior-
ities (in the maximally parallel or the asynchronous mode, unlike the sequen-
tial mode). In [2] some interesting questions on the power of P systems in the
maximally parallel mode using only priorities or restricting the weight of the
promoting/inhibiting multisets were addressed.

In this paper we consider purely catalytic P systems having two catalysts and
rules with promoters and inhibitors of weight 1 (consisting of a single object,
and we call them atomic). We show that using atomic promoters or sets of
atomic inhibitors it is possible to achieve computational completeness using a
deterministic construction. In the case of atomic inhibitors our construction
for computational completeness is non-deterministic. Moreover, our results can
easily be adapted to the case of catalytic P systems yielding simpler proofs for
the results established in [11]. We remark that the converse is not true, as the
proofs from the cited article make use of a massive unbounded parallelism, so
they cannot be adapted to the purely catalytic case.

2 Definitions

An alphabet is a finite non-empty set V' of abstract symbols. The free monoid
generated by V under the operation of concatenation is denoted by V*; the empty
string is denoted by X, and V* \ {\} is denoted by V1. The set of non-negative
integers is denoted by N. The family of all finite sets of non-negative integers is
denoted by N FIN. The family of all recursively enumerable sets of non-negative
integers is denoted by NRE. In the following, we will use C both for the subset
as well as the submultiset relation and we will represent multisets by a string
notation. If we consider vectors of non-negative integer, N is replaced by Ps
in these notations. The corresponding functions and relations on these sets are
indicated by the prefix Fun and Rel, respectively.

2.1 Register machines.

A register machine is a tuple M = (m, B, ly,lp, P), where m is the number of
registers, B is a set of labels, [p € B is the initial label, I, € B is the final
label, and P is the set of instructions bijectively labeled by elements of B. The
instructions of M can be of the following forms:

o [: (ADD(]),ZQ,Z,?,), with [; € B \ {lh}, lo,l3€ B, 1 <j<m.
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Increases the value of register j by one, followed by a non-deterministic jump
to instruction Iy or l3. This instruction is usually called increment.

o [y (SUB(]),IQ,Z;),), with [ € B \ {lh}, ls,l3€ B, 1 <j<m.
If the value of register j is zero then jump to instruction l3; otherwise, the
value of register j is decreased by one, followed by a jump to instruction Is.
The two cases of this instruction are usually called zero-test and decrement,
respectively.

e [, : HALT. Stops the execution of the register machine.

A configuration of a register machine (I;;v1, ..., v,,) is described by the value of
the current label indicating the next instruction to be executed and the contents
of each register. Computations start by executing the instruction Iy of P, and
terminate with reaching the HALT-instruction Ij.

2.2 (Purely) Catalytic P Systems

Since flattening [7] the membrane structure of a membrane system preserves both
determinism and the model, in the following we restrict ourselves to consider
membrane systems with only one membrane, eventually communicating with the
environment, hence, in the description we omit the trivial membrane structure
only consisting of the skin membrane.

Definition 1. A catalytic P system is a tuple
I = (07 Ca 2; Ta w, Rl7 Min, mout)

where O is a finite alphabet, C C O 1is the set of catalysts, X' C O is the input
sub-alphabet, T C O is the output sub-alphabet, w € O* is a string represent-
ing the initial multiset in the skin membrane, m;, and Mmyy: are the input and
output membranes with 1 indicating the skin membrane and 0 indicating the
environment, and R’ is a set of rules of one of the following forms:

—r:a—v,a€0,ve O (non-cooperative rule);

—r:ca—>cv,a €0, ceC,veO* (catalytic rule);
for communication with the environment, in both non-cooperative and cat-
alytic rules, an object a in v may be replaced by (a,come) meaning that the
symbol a is taken from the environment, or by (a,out) meaning that the
symbol a is sent out to the environment.
If only catalytic rules occur in R', then the system is called purely catalytic.

Below, we briefly describe the semantics of catalytic P systems; more formal
details can be found in [9, 14].

A configuration of the system I7 is represented by a multiset of objects from
O contained in the region, the set of all configurations over O is denoted by
C(O). A rule r : u — v is applicable if the current configuration contains the
multiset specified by u.

Furthermore, applicability may be controlled by context conditions, specified
by two sets of multisets.
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Definition 2. Let P and Q) be (finite) sets of multisets over O. A (simple)
rule with context conditions (r; P,Q) is applicable to a configuration C' if r is
applicable, and its applicability is defined by the applicability of any of these
simple rules with context conditions.

— forallpe P, p C C, and
— forallge @, qZ C.

The more general variant of a rule with context conditions s of the form
(r; (P1,Q1), .., (Pm,Qm)) where any of the corresponding triples (r; (P;, Q:)),
1 <1 < m, is a simple rule with context conditions, and its applicability is
defined as the applicability of any of these simple rules with context conditions.

In the definition of a (simple) rule with context conditions (r; P, Q) as given
above the set P is called the permitting set, while the set @ is called the forbid-
ding set (for r). In words, context conditions are satisfied if all multisets in the
permitting set are submultisets of the current configuration, and no multiset in
the forbidding set is a submultiset of the current configuration.

By a promoter/inhibitor we understand an element of a permit-
ting/forbidding set. Traditionally, P systems with promoters use the nota-
tion 7|y, ... p,, which is equivalent to (r;{p1,...,pn};0). In the case of P sys-
tems with inhibitors the notation 7|4, ... —q, is used, which is equivalent to
(r;0,{q1,-..,qn}). Finally, promoters and inhibitors consisting of one symbol
are called atomic.

Definition 3. A P system with context conditions and priorities on the rules
15 a construct

I = (Oa 07 E,T,’U}, R/a R7 lina louta >)

where (O, C, X, T, w, R, Min, Mout) 18 a catalytic P system as defined above, R
is a set of rules with context conditions and > is a priority relation on the rules

n R.

During a computational step the applicability of a rule can additionally be
restricted by a priority relation >: if rule r’ has priority over rule r, denoted by
r’ > r, then r cannot be applied if 7’ is applicable.

The computation of the system follows the usual maximally parallel deriva-
tion mode, meaning that a maximal applicable multiset of rules is chosen to
be applied in each step. Also other strategies for a computational step exist,
e.g., the sequential or the asynchronous derivation mode; we refer to [9, 14] for
a detailed discussion on this topic. The computation step between two config-
urations C' and C” is denoted by C' = (', thus yielding the binary relation
=: C(0O) x C(O). A computation halts when there are no rules applicable to the
current configuration in the corresponding mode; such a configuration is called
a halting configuration.

In the generative case, a halting computation has associated a result, in the
form of the number of objects present in membrane my,; in a halting config-
uration (m;, can be omitted). The set of non-negative integers and the set of
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(Parikh) vectors of non-negative integers obtained as results of halting compu-
tations in IT are denoted by Nyen(IT) and Psge, (IT), respectively.

In the accepting case, for m;, # 0, we accept all (vectors of) non-negative
integers whose input, given as the corresponding numbers of objects in mem-
brane m;,, leads to a halting computation (me,: can be omitted); the set of
non-negative integers and the set of (Parikh) vectors of non-negative integers
accepted in that way by halting computations in IT are denoted by Ny..(II) and
Psaee(IT), respectively.

For the input being taken from the environment, i.e., for m;,, = 0, we need the
additional target indication come; (a, come) means that the object a is taken into
the skin from the environment (all objects there are assumed to be available in
an unbounded number). The multiset of all objects taken from the environment
during a halting computation then is the multiset accepted by this accepting P
system, which in this case we shall call a P automaton, e.g., see [4]; the set of
non-negative integers and the set of (Parikh) vectors of non-negative integers
accepted by halting computations in IT are denoted by Ny (1) and Psgq(IT),
respectively.

A P system IT can also be considered as a system computing a partial recur-
sive function (in the deterministic case) or even a partial recursive relation (in
the non-deterministic case), with the input being given in a membrane region
m;, 7 0 as in the accepting case or being taken from the environment as in
the automaton case. The corresponding functions/relations computed by halt-
ing computations in I7 are denoted by ZY,(II), Z € {Fun, Rel}, Y € {N, Ps},
a € {acc, aut}.

The family of sets Y5(IT), Y € {N, Ps}, 6 € {gen,acc,aut}, computed by
(purely) catalytic P systems with context conditions and priorities on the rules
having at most m catalysts is denoted by YsOP (caty,, (proki,inhg i1)d, pri)
( YsOP (pcaty,, (prok.i, inhgs i1)a, pri) ); d denotes the maximal number m in
the rules with context conditions (r, (P1,Q1), -, (Pm,Qm)); k and k' denote
the maximum number of promoters/inhibitors in the P; and Q;, respectively;
[ and !’ indicate the maximum of weights of promoters and inhibitors, respec-
tively. If any of these numbers k, k', [, I’ is not bounded, we replace it by *.
For Z € {Fun,Rel}, Y € {N, Ps}, 6 € {acc,aut}, the corresponding families
of functions/relations are denoted by EFYs;OP (caty,, (prok, inhi 11)a,pri) and
FY;0P (pcaty,, (prog,;, inhy i) 4, pri), respectively.

In the case of accepting systems and of of systems computing functions, we
also consider the idea of determinism, which means that in each step of any
computation at most one (multiset of) rule(s) is applicable; in this case, we
write detacc.

In the literature, we find a lot of restricted variants of P systems with context
conditions and priorities on the rules, e.g., we may omit the priorities or the
context conditions completely.

Remark 1. As in a P system (O,C, X, T, w, R, R, m;p, Moy, >) the set of rules
R’ can easily be deduced from the set of rules with context conditions R, we omit
R’ in the description of the P system. Moreover, for systems having only rules
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with a simple context condition, we omit d in the description of the families, and
each control mechanism not used can be omitted, too.

Remark 2. Tt is worth to note, see also [6], that if no other control is used, the
priorities can be mapped to sets of atomic inhibitors. Indeed, a rule is inhibited
precisely by the left side of each rule with higher priority. This is straightforward
in the case when the priority relation is assumed to be a partial order. Therefore,
we will restrict ourselves to consider systems without priorities in the following.

3 Results

In this section we present the main results of the paper. First we show that purely
catalytic P systems with atomic promoters are computationally complete.

Theorem 1. The computation of a register machine can be simulated by a
purely catalytic P system with only two catalysts and atomic promoters. More-
over, the simulation preserves determinism.

Proof. Let M = (m, B, ly,l, P) be a register machine. We construct a purely
catalytic P system with promoters

I =(0,C X, T,w,R,min, Moy:) where
O=CU{a, |1 <r<m}U{X,Y}U{l;|l; € B}U
{00017 b | 1+ (SUB(r), 13, 11,) € P},
C={c1, 2},
2. T C{ar|1<r<m},
w = ly, Min = Moyt = 1,

R = {Clli — Cllj(l,o7 Clli — cllkar | lz : (ADD(’I”),lj,lk) € P}

(2]

Y Uli:(SUB(r),lj,lk)GP

where R; is the set of rules corresponding to the conditional decrement instruc-
tion labeled by i, consisting of the rules below.

i.1.1: col; — e2li X i.2.1: cra, — c1b;]y;
i.1.2 1 ol — el 1.22: 61X = 1Y
i.1.3 1 ol — coll” .23 : 1Y = ¢
i.1.4 1 el — ol i.2.4 1 c1b; — ey

i.1.5 1 el — calgly

The simulation of the instructions of the register machine M is performed as

described in the following; each configuration (I;;v1, ..., v, ) of M is encoded as
Lia* ...alm in IT.

The simulation of the increment instruction is done directly by changing the
label /; and incrementing the corresponding register. The catalyst c; is used for
this operation.
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The conditional decrement instruction [; : (SUB(r),l;,l;) is simulated
as follows: In the first step, the rule i.1.1 is applicable, and if register r
is not empty, then the rule .2.1 is applicable, too, yielding the configura-
tion I/Xaj*...a2 "'b;...a%". Then only the rules i.1.2 and .2.2 are applica-
ble, yielding the configuration I/Yaj*...al ~1b;...akm. After that only the
sequence of rules ¢.1.3, ¢.1.4 and ¢.2.3, 7.2.4 can be applied, finally yield-
ing the configuration I;a]* ...a’ 1. .a¥m corresponding to the configuration
(lj3v1,...,v0 —1,...,v,) of M. If the register r is empty, then in the second
step only rule ¢.2.2 is applicable. In the next step, only the rules ¢.1.5 and 4.2.3
can be applied yielding the configuration lxa(* ...a...a%" which correctly en-
codes the corresponding configuration of M. g

Remark 3. We remark that only the rule with a, on the left side actually requires
the catalyst; removing the catalysts from all other rules would still yield an
equivalent system, except that this system would not be purely catalytic. Hence,
the catalysts could be assigned in an arbitrary way, provided no catalyst is
assigned to both rules in any line.

Remark 4. We observe that is I deterministic if M is deterministic, but also
that the construction was made in such a way that the rules with the same left
side and the same right side never have different promoters (without fulfilling
this condition, a simpler deterministic construction could be obtained).

The next theorem shows a similar result with inhibitors. However, this proof
does not preserve the determinism.

Theorem 2. The computation of a register machine can be simulated by a
purely catalytic P system with only two catalysts and atomic inhibitors.

Proof. Let M = (m, B, lo,l, P) be a register machine. We construct a purely
catalytic P system with inhibitors

II=(0,C, X, T, w, R,Myn, Moyt) Where
O=CU{l;|l;eB}U{a,-|1<r<m}uU
(#, Z, WY U{l, 1, Zi, Zi, Zi'  biy by | 1 - (SUB(r),1;,1) € P},
C ={ec1,c2},
Y. T C{a,|1<r<m},
w =192, Min = Moyt = 1,
R = {cil; = ailjar, c1l; = cilga, | ;- (ADD(r),l;,1l;) € P}
U {c1# — a1#, coFt — co#, c1ly, — c1hS159}

7y

U
Ul,i:(SUB(7'),lj7lk)€P

where R; is the set of rules corresponding to the conditional decrement instruc-
tion labeled by 4, consisting of the rules below.



124

3.1.1: el — CQ[iSlSlSQ |ﬁs1 .2.1: cra- — c1b; |ﬁsl i.3.1: 172 — e17; ‘ﬁsl
7.1.2: Cgli — 021481515152 ‘ﬁsl 1.2.2 : C1b¢ — # ‘ﬁl‘i .3.2: chi — Cl# |ﬁl§

i.1.3:c2S1 — ¢2 |-s, i.2.3: by — b |-s, .3.3:ca1Zi = aZi|as,
i.1.4:c2S2 — c2 |- i2.4: b — 1 i.3.4:c12; — c1#t
i.1.5 : cal; — calj |-s, i.35:c1Z; = a1 Z] |-a,
i.1.6 : cali = cali |5y i3.6: 012, > e Z

The simulation of the instructions of the register machine M is performed as
described in the following; each configuration (I;;v1, ..., v, ) of M is encoded as
l;Zal* ... a¥ in IT.

The simulation of the increment instruction {; : (ADD(r),l;,1) € P is done
directly by changing the label [; and incrementing the corresponding register.
The catalyst ¢y is used for this operation.

The conditional decrement instruction I; : (SUB(r),l;,l)) is simulated as
follows: As can easily be seen, the rules from R; have the property that if cyx —
y € R; and coz — u € R;, then x # z. Hence, the contents of a configuration
can be split into two parts C7 and Co with respect to this property (objects
that involve catalyst ¢; will be part of C7, those that involve ¢y will be part
of C3). For the case of the configuration [;Zaj*...a% in II, Cy = {l;} and
Cy ={Zaj*...a¥%}. Moreover, since the forbidding contexts of the rules i.1.% do
not involve objects from C, their application is independent from rules involving
catalyst cg.

First we now examine the evolution of objects from Cy (;). Using catalyst
c2, a non-deterministic guess is made about the contents of register r. If rule
i.1.1 is used, then it is guessed that register r is not zero, yielding [;S;5;So,
while if rule ¢.1.2 is used, then it is guessed that register r is empty, yielding
1£51.515155. In the first case only rule i.1.4 is applicable in the next step, leading
to the removal of S3. During the next two steps only 4.1.3 is applicable, removing
the two occurrences of S;. Finally, symbol I; replaces l;.

When using the second group of rules, the computation is one step longer
(because of the presence of three copies of S7) and yields I.

Now consider the evolution of objects from Cy (Zai* ...a%r). Initially a guess
is made about which is the current decrement instruction and whether using co
it was guessed that the corresponding register is empty or not. In some sense this
permits to synchronize with the guess done in parallel using catalyst co. This
materializes in two groups of rules i.2.x and ¢.3.x; the first one corresponds to
the case when the parallel guess is that register r is not empty, while the second
case corresponds to the fact that register r is empty.

Let us consider the evolution of the system in the first case. Rule 7.2.1 takes
symbol a, corresponding to a non-empty register r and transforms it to b;. In
the next step, rule .2.3 is not applicable because symbol Sy is still present in the
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configuration (it disappears on the next step as shown above). Now, if symbol [; is
present in the configuration (this means that the parallel guess was to decrement
register r being in state [;), then no rule using catalyst ¢; is applicable. Otherwise,
rule 7.2.2 is applied introducing the trap symbol # into the system. So, if at the
beginning of the third step no symbol # has been introduced, then the indices i of
symbols [; and b; must coincide. After that, symbol b; is transformed to b;, which
is erased in the next step. We note that at the same moment rule ¢.1.5 is applied,
hence, the resulting configuration is [; Zaj" . .. al~~1...a% corresponding to the
configuration (Ij;v1,...,v, —1,...,vp) of M.

In the case of the application of rule i.3.1, a similar mechanism involving
rules i.3.2 and 7.3.3 permits to check if the parallel guess was that register r is
empty. In this case, the rules i.3.4 and :.3.5 verify that this register is indeed
empty by introducing a trap symbol if this is not the case. Finally, rule .3.6
introduces back the additional symbol Z used for the zero check.

When the final label I;, is reached, rule ci1l;, — hS155 is applied and after
that the system halts as S7 and S5 cannot be removed, so no rule involving the
first or the second catalyst can be applied. O

We remark that the proof given above is highly non-deterministic. We conjec-
ture that in the deterministic case atomic inhibitors should not suffice to obtain
computational completeness.

The next theorem shows that forbidding conditions using sets of atomic in-
hibitors allow a computational completeness proof preserving the determinism.

Theorem 3. The computation of a register machine can be simulated by a
purely catalytic P system with only two catalysts and sets of atomic inhibitors.
Moreover, the simulation preserves determinism.

Proof. Let M = (m, B,lo,l,, P) be a register machine. Let By, be the
subset of B corresponding to the labels of SUB-instructions of M. We construct
a purely catalytic P system with inhibitors

I =(0,C 2, T,w, R, My, Moy:) Where
O=CU{X}U{m;|m;e BfU{a, |1 <r<m}U{Z}
u il (SUB(r),l;,1x) € P},
C = {c1, e},
2. T C{ar|1<r<m},
w = ly, Minp = Moyt = 1,
R ={al; = alja,, a1li —» cilgar | ;- (ADD(r),1;,1l;) € P}

2]

Y Uli:(SUB(r),lj,lk)EP

where R; is the set of rules corresponding to the conditional decrement instruc-
tion labeled by 4, consisting of the rules below.
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3.1.1: coly; — CQl;X
3.1.2: (czl; — caly; 0, {ar}) i21: 01X =1
i.1.3: (cali — caly;0,{X}) i.2.2: (c1ar — c1;0,{X} UBU (Bl \ {li}))

The simulation of the instructions of the register machine M is performed as
described in the following; each configuration (I;;v1, ..., v, ) of M is encoded as
Lia* ...alm in IT.

As in the previous proofs, the simulation of the increment instruction I; :
(ADD(r),l;,1) € P is done directly by changing the label /; and incrementing
the corresponding register. The catalyst ¢, is used for this operation.

The conditional decrement instruction l; : (SUB(r),l;,l)) is simulated as
follows: In the first step the only applicable rule is ¢.1.1, which rewrites symbol
l; to I;X. In the next step rule 7.2.1 is applicable, and only if register r is empty,
then rule 7.1.2 is applicable as well. In this way, the zero check is simulated.
If register r is not empty, then in the next step rules i.1.3 and i.2.2 have to
be applied performing the decrement operation. We remark that the conditions
from rule 7.2.2 allow its application only in the case when [} is present and X is
absent. a

Summing up the results from the preceding three theorems we obtain the
following:

Theorem 4. For Z € {Fun, Rel}, Y € {N, Ps}, § € {acc,aut},

ZY50P; (peaty,proy1) = ZY RE.
ZY50P; (peaty,inhy 1) = ZY RE.
— FunYyetaccOP1 (peats, proi 1) = FunY RE.
FunYgetaccOPy (peata,inh, 1) = FunY RE.

Generation and acceptance of a set of (vectors of) natural numbers L can be
interpreted as a specific relation {0} x L and a function L x {0}, respectively;
thus from the previous theorem we immediately obtain the following results for
generating and accepting systems:

Corollary 1. ForY € {N, Ps}, § € {gen, acc,aut},

— Y0P (peats, pro11) = YRE.
Y50P1 (pcatg, Z"I’LhLl) =YRE.
— YaetaccOP: (pcatZaprol,l) =YRE.
— YietaccOP1 (pcata, inh, 1) = YRE.
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4 Conclusion

We have shown computational completeness for purely catalytic P systems with
only two catalysts and either atomic promoters or sets of atomic inhibitors in
such a way that for accepting P systems and for systems computing functions,
we even get deterministic systems. The main open question is whether computa-
tional completeness can even be achieved with atomic inhibitors instead of sets
of atomic inhibitors.
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Abstract. In this short note we extend the notion of red-green Turing
machines to specific variants of P automata. Acceptance and recogniz-
ability of finite strings by a red-green automaton are defined via infinite
runs of the automaton on the input string and the way how to distinguish
between red and green states.

1 Introduction

In this short note we introduce the notion of red—green automata in the area of P
systems. Acceptance and recognizability of finite strings by a red—green Turing
machine are defined via infinite runs of the automaton on the input string and
the way how to distinguish between red and green states; via infinite runs which
are allowed to change between red and green states more than once, more than
the recursively enumerable sets of strings can be obtained, i.e., in that way we
can “go beyond Turing”. Various possibilities how to “go beyond Turing” to be
already found in the literature are discussed in [10]; most of the definitions and
results for red—green Turing machines are taken from this paper. In the area of
P systems, first attempts to do that can be found in [6] and [9]. Computations
with infinite words by P automata have been investigated in [5].

Here we focus on the idea of being able to switch between red and green
states in P automata, where states are specific properties of a configuration,
for example, the occurrence or the non-occurrence of a specific symbol. As for
Turing machines, with one change from red to green states, we can accept all
recursively enumerable languages. A similar result can easily be obtained for
several variants of P automata, especially for the basic model using antiport
rules assigned to the skin membrane.

In this note we only focus on the concept of red—green automata for P au-
tomata, without giving formal definitions or proofs, as we assume the reader to
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know the underlying notions and concepts from formal language theory (e.g.,
see [8]) as well as from the area of P systems (e.g., see [7]).

We only describe the Arithmetical Hierarchy (for example, see [2]). The
Arithmetical Hierarchy is usually developed with the universal (V) and existen-
tial (3) quantifiers restricted to the integers. Levels in the Arithmetical Hierarchy
are labeled as X, if they can be defined by an expression beginning with a se-
quence of n alternating quantifiers starting with 3. Similar expressions that start
with V are labeled as II,,. Yy and Il are defined as having no quantifiers and
are equivalent. X; and II; only have the single quantifier 3 and V, respectively.
We only need to consider alternating pairs of the quantifiers V and 3 because
two quantifiers of the same type occurring together are equivalent to a single
quantifier.

Another way of looking at the Arithmetical Hierarchy is to consider the Halt-
ing Problem for Turing machines and machines equipped with an oracle solving
this problem. Then one can apply the original proof for the undecidability of the
Halting Problem proof to such a machine to prove it cannot solve its own Halting
Problem. Then one can give an oracle for this higher level Halting Problem and
generate an even higher level problem. Thus the Arithmetical Hierarchy reflects
degrees of unsolvability.

A related way to extend the hierarchy of unsolvable problems is to ask if a
computer program will generate an infinite number of outputs. This property can
be generalized by interpreting the output of a computer as the Gédel number
of another computer. Then one can ask the question “Does a program have
an infinite number of outputs an infinite subset of which, when interpreted as
computer programs, have an infinite number of outputs?” This can be iterated
any finite number of times to create the Arithmetical Hierarchy. In that sense,
the Arithmetical Hierarchy can be described as in the following table taken from

[2]:

Table 1. Arithmetical Hierarchy

Level Question: will the computer program

Yo = Ilp | halt in fixed time

X ever halt

11, never halt

X have at most a finite number of outputs

11> have an infinite number of outputs

X3 have at most a finite number of I1> outputs
I3 have an infinite number of 75 outputs

n have at most a finite number of I7,,_1 outputs
11, have an infinite number of I7,,_1 outputs
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2 Red—Green Turing Machines

A Turing machine M is called a red—green Turing machine if its set of internal
states Q is partitioned into two subsets, @, and @4, and M operates without
halting. @, is called the set of red states, (), the set of green states.

Red-green Turing machines can be seen as a type of w-Turing machines on
finite inputs with a recognition criterion based on some property of the set(s) of
states visited (in)finitely often, in the tradition of w-automata (see [5]), i.e., we
call an infinite run of the Turing machine on input w recognizing if and only if

— no red state is visited infinitely often and
— some green states (one or more) are visited infinitely often.

Remark 1. In the following, “mind change” means changing the color, i.e., chang-
ing from red to green or vice versa.

To get the reader familiar with the basic idea of red—green automata, we give
a short sketch of the proofs for some well-known results (see [10]):

Theorem 1. A set of strings L is recognized by a red—green TM with one mind
change if and only if L € X1, i.e., if L is recursively enumerable.

Proof. Let L be the set of strings recognized by a red—green TM M with one mind
change. Then design a TM that enumerates all possible inputs, simulates and
dovetails the computations of M on these inputs, and outputs string w whenever
M makes its first mind change (if any) during the computation on w.
Conversely, if L € Y7 and M is the TM that enumerates L, then design
a red—green TM that on input w simulates the computation of M in red but
switches to green when w appears in the enumeration. This machine precisely
recognizes L. a

2.1 Red—Green Turing Machines — Going Beyond Turing

If more mind changes are allowed, the full power of red—green Turing machines
is revealed. For example, the complement of a recursively enumerable set L need
not be recursively enumerable, too, but it is always red—green recognizable:

Let M’ be the TM recognizing L. Then construct a red—green TM M that op-
erates on inputs w as follows: starting in red, the machine immediately switches
to green and starts simulating M’ on w. If M’ halts (thus recognizing w), the
machine switches to red and stays in red from then onward. It follows that M
precisely recognizes, in fact accepts, the set L. Acceptance means that for every
word not recognized by the TM it will never make an infinite number of mind
changes, i.e., it finally will end up in red.

The following result characterizes the computational power of red—green Tur-
ing machines (see [10]):
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Theorem 2.

(i) Red—green Turing machines recognize exactly the X5 sets of the Arith-
metical Hierarchy.

(ii) Red—green Turing machines accept exactly the Iy sets of the Arithmetical
Hierarchy.

3 The Basic Model of P Automata

The basic model of P automata as introduced in [3] and in a similar way in [4]
is based on antiport rules, i.e., on rules of the form wu/v, i.e., the multiset u goes
out through the membrane and v comes in instead. As it is already folklore, only
one membrane is needed for obtaining computational completeness with antiport
rules in the maximally parallel derivation mode; the input string is defined as the
sequence of terminal symbols taken in during a halting computation (without
loss of generality we may assume that at most one terminal symbol is taken
in from the environment in each computation step). Restricting ourselves to P
automata with only one membrane as the basic model, we define a P automaton
as follows:

A P automaton is a construct
= (0,T,w,R)
where

— O is the alphabet of objects,

— T is the terminal alphabet,

— w is the multiset of objects present in the skin membrane at the beginning
of a computation, and

— R is a finite set of antiport rules.

The strings accepted by IT consist of the sequences of terminal symbols taken
in during a halting computation.
Let us cite from [9]:

“

. a super-Turing potential is naturally and inherently present in
evolution of living organisms.”

In that sense, we now seek for this potential in P automata.

4 Red—Green P Automata

The main challenge is how to define “red” and “green” states in P automata.
In fact, states sometimes are considered to simply be the configurations a P
automaton may reach during a computation, or some specific elements occurring
in a configuration define its state.
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Another variant is to consider the multiset applicable to a configuration as
its state, which especially makes sense in the case of deterministic systems. Yet
then these multisets have to be divided into “red” and “green” ones.

The easiest way to do this is to specify a subset of the rules as green rules,
and all multisets consisting of such green rules only constitute the set of all
“green” multisets, whereas all the other ones are “red” multisets.

A stronger condition would be to divide the set of rules into “red” and “green”
and to define the set of “red” and “green” multisets as those which only consist
of “red” and “green” rules, respectively. But then we would have the problem
how to deal with the multisets of rules consisting of rules of both colors.

5 First Results

As is well known, even with the basic model of P automata as defined above
we obtain computational completeness by easy simulations of register machines
(which themselves are known, even with only two registers, to be able to sim-
ulate the actions of a Turing machine). Hence, the following results are direct
consequences of the results known for Turing machines:

Theorem 3. A set of strings L is recognized by a red—green P automaton with
one mind change if and only if L € Xy, i.e., if L is recursively enumerable.

Theorem 4.

(i) Red—green P automata recognize exactly the X sets of the Arithmetical
Hierarchy.

(ii) Red—green P automata accept exactly the Il sets of the Arithmetical
Hierarchy.

Proof. (Sketch) Let TM be a Turing machine and RM be a register machine
simulating T'M having its set of internal states @ partitioned into two subsets,
Q- (the set of red states) and @ (the set of green states); TM operates without
halting, i.e., with infinite runs on every input string. The register machine can
also color its states in red and green, but when simulating the actions of T'M
eventually needs a green and red variant of its states and actions in order to
totally stay within the same color as T'M when simulating the actions of one
computation step of TM. The P automaton IT = (O,T,w, R) can simulate the
actions of RM very easily, e.g., see Chapter V in [7], without introducing trap
symbols, and even in a deterministic way provided RM is deterministic. Each
multiset of antiport rules from R applied in the maximally parallel way contains
exactly one rule of the form qu/pv where ¢,p are “states” of II representing
corresponding states of RM and w,v are multisets not containing any state
symbol (and the other rules do not contain any state symbol, too). Hence, a
configuration can be defined to exactly have the color of the “state” currently
occurring in the skin region of II, representing the corresponding state from
RM. O



134

One of the main reasons that the proof of the preceding theorems is that
easy is based on the fact that the simulation does not need the trick to trap
non-wanted evolutions of the system, which is a trick used very often in the area
of P systems. Yet this exactly would contradict the basic feature of the red—green
automata way of acceptance by looking at infinite computations. Fortunately,
the basic model of P automata comes along with this nice feature of not needing
trap rules for being able to simulate register machines. Only few models of P
automata have this nice feature; another variant are P automata with anti-
matter, just recently introduced and investigated, see [1].

6 Future Research

A lot of research topics wait for being investigated for P automata “going beyond
Turing”, not only the different variants of defining “red” /“green” as already
discussed above. For instance, the idea of having red and green configurations
should also investigated together with models of P automata which are not
computationally complete, as for example dP automata.

There are already a lot of strategies and models to be found in the litera-
ture how to “go beyond Turing”; some of them should also be of interest to be
considered in the P systems area. Thus, a wide range of possible variants to be
investigated remains for future research.
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Abstract. We present two extensions to the software framework developed to support kernel
P systems: a formal verification tool based on the NUSMV model checker and a large scale
simulation environment based on FLAME. The use of these two tools for modelling and
analysis of biological systems is illustrated with a synthetic biology example.

1 Introduction

Membrane computing [16] is a branch of natural computing inspired by the hierarchical structure
of the living cell. The central model, called P systems, consists of a membrane structure, the
regions of which contain rewriting rules operating on multisets of objects [16]. P systems evolve by
repeatedly applying rules, mimicking chemical reactions and transportation across membranes or
cellular division or death processes, and halt when no more rules can be applied. The most recent

developments in this field are reported in [17].
The origins of P systems make it highly suited as a formalism for representing biological systems,

especially (multi-)cellular systems and molecular interactions taking place in different locations of
living cells [6]. Different simple molecular interactions or more complex gene expressions, com-
partment translocation, as well as cell division and death are specified using multiset rewriting
or communication rules, and compartment division or dissolution rules. In the case of stochastic
P systems, constants are associated with rules in order to compute their probabilities and time
needed to be applied, respectively, according to the Gillespie algorithm [18]. This approach is based
on a Monte Carlo algorithm for stochastic simulation of molecular interactions taking place inside
a single volume or across multiple compartments.

The recently introduced class of kernel P (kP) systems [7] integrates in a coherent and elegant
manner many of the features (of different P system variants) most successfully used for modelling
various applications. The kP model is supported by a modelling language, called kP-Lingua, capable
of mapping a kernel P system specification into a machine readable representation. Furthermore,
the KPWORKBENCH framework that allows simulation and formal verification of the obtained

models using the model checker SPIN was presented in a recent paper [4].
In this paper, we present two new extensions to KPWORKBENCH: a formal verification tool

based on the NUSMV model checker [3] and a large scale simulation environment using FLAME
(Flexible Large-Scale Agent Modelling Environment) [5], a platform for agent-based modelling on
parallel architectures, successfully used in various applications ranging from biology to macroeco-
nomics. The use of these two tools for modelling and analysis of biological systems is illustrated
with a synthetic biology case study, pulse generator.
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The paper is structured as follows. Section 2 defines the formalisms used in the paper, stochastic
and kernel P systems as well as stream X-machines and communicating stream X-machine systems,
which are the basis of the FLAME platform. Section 3 presents an overview on the kP-lingua
language and the simulation and model checking tools. The case study and the corresponding
experiments are presented in Section 4 and 5, respectively, while conclusions are drawn in Section
6.

2 Basic definitions

2.1 Stochastic and kernel P systems

Two classes of P systems, used in this paper, will be now introduced. The first model is a stochastic
P system with its components distributed across a lattice, called lattice population P systems [18,
2], which have been applied to some unconventional models e.g. the genetic Boolean gates [12,11].
For the purpose of this paper we will consider stochastic P systems with only one compartment
and the lattice will be regarded as a tissue with some communication rules defined in accordance
to its structure.

Definition 1. A stochastic P system (SP system) with one compartment is a tuple:
SP = (0,M,R) (1)

where O is a finite set of objects, called alphabet; M is the finite initial multiset of objects of the
compartment, an element of O*; R is a set of multiset rewriting rules, of the form ry, : = 5 y,
where x,y are multisets of objects over O (y might be empty), representing the molecular species
consumed (x) and produced (y).

We consider a finite set of labels, L, and a population of SP systems indexed by this family, S Py,
h € L. A lattice, denoted by Lat, is a bi-dimensional finite array of coordinates, (a,b), with a and
b positive integer numbers. Now we can define a lattice population P system, by slightly changing
the definition provided in [2].

Definition 2. A lattice population P system (LPP system) is a tuple
LPP = (Lat,(SPy)per, Pos, Tr) (2)

where Lat, SP;, and L are as above and Pos : Lat — {SPylh € L} is a function associating to
each coordinate of Lat a certain SP system from the given population of SP systems. Tr is a set of
translocation rules of the form ry, : [x]n, 5 [x]n,, where hy,hy € L; this means that the multiset
x from the SP system SPp1, at a certain position in Lat, will move to any of the neighbours (east,
west, south, north) in Lat that contains an SP system SPy,.

The stochastic constant ¢, that appears in both definitions above, is used by Gillespie algorithm
[8] to compute the next rule to be applied in the system.

One can see the lattice as a tissue system and the SP systems as nodes of it with some com-
munication rules defined according to the neighbours and also to what they consist of.

Another class of P systems, called kernel P systems, has been introduced as a unifying
framework allowing to express within the same formalism many classes of P systems [7,4].

Definition 3. A kernel P system (kP system) of degree n is a tuple

kII = (07#5017"'acn7i0) (3)
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where O is a finite set of objects, called alphabet; u defines the membrane structure, which is a
graph, (V, E), where V' are vertices indicating compartments, and E edges; C; = (t;,w;), 1 <i <n,
is a compartment of the system consisting of a compartment type from T and an initial multiset,
w; over Oy ig is the output compartment where the result is obtained (this will not be used in the

paper).

Definition 4. T is a set of compartment types, T = {t1,...,ts}, where t; = (R;,0;), 1 <i <,
consists of a set of rules, R;, and an execution strategy, o;, defined over Lab(R;), the labels of the
rules of R;.

In this paper we will use only one execution strategy corresponding to the execution of a rule in
each compartment, if possible. For this reason the execution strategy will be no longer mentioned
in the further definition of the systems. The rules utilised in the paper are defined below.

Definition 5. A rewriting and communication rule, from a set of rules, R;, 1 < i < s, used in
a compartment C;;, = (t,,wy,), 1 < i < n, has the form x — y {g}, where x € O" and y has
the form y = (a1,t1)...(an,tn), h > 0, a; € O and t; indicates a compartment type from T —
see Definition 8 — with instance compartments linked to the current compartment, Cy,; t; might
indicate the type of the current compartment, i.e., t;, — in this case it is ignored; if a link does not
exist (the two compartments are not in E) then the rule is not applied; if a target, t;, refers to
a compartment type that has more than one instance connected to Cy,, then one of them will be
non-deterministically chosen.

The definition of a rule from R;, 1 < i < s, is more general than the form provided above,
see [7,4], but in this paper we only use the current form. The guards, denoted by g, are Boolean
conditions and their format will be discussed latter on. The guard must be true when a rule is
applied.

2.2 X-machines and communicating stream X-machine systems

We now introduce the concepts of stream X-machine and communicating stream X-machine and
also discuss how these are implemented in FLAME [5]. The definitions are largely from [10].

A stream X-machine is like a finite automaton in which the transitions are labelled by (partial)
functions (called processing functions) instead of mere symbols. The machine has a memory (that
represents the domain of the variables of the system to be modelled) and each processing function
will read an input symbol, discard it and produce an output symbol while (possibly) changing the
value of the memory.

Definition 6. A Stream X-Machine (SXM for short) is a tuple
Z=(2,IQ,M,d, F,I,T,mg), where:

Y and I' are finite sets called the input alphabet and output alphabet respectively;

Q is the finite set of states;

— M is a (possibly) infinite set called memory;

@ is the type of Z, a finite set of function symbols. A basic processing function ¢ : M x X —
I' x M is associated with each function symbol ¢.

F is the (partial) next state function, F : Q x & + 22. As for finite automata, F is usually
described by a state-transition diagram.

— I and T are the sets of initial and terminal states respectively, I C Q,T C Q;

my 1is the initial memory value, where mg € M ;

— all the above sets, i.e., X, I', Q, M, ®, F, I, T, are non-empty.
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A configuration of a SXM is a tuple (m,q, s,g), where m € M,q € Q,s € X*, g € I'*. An initial
configuration will have the form (mg, qo, s, €), where my is as in Definition 6, go € I is an initial
state, and € is the empty word. A final configuration will have the form (m, ¢s, €, g), where ¢ € T
is a terminal state. A change of configuration, denoted by -, (m,q,s,g) - (m’,¢’,s',¢), is possible
if s =08 with o € ¥, ¢ = gy with v € I and there exists ¢ € @ such that ¢’ € F(q,¢) and
¢(m, o) = (y,m’). A change of configuration is called a transition of a SXM. We denote by -* the
reflexive and transitive closure of .

A number of communicating SXMs variants have been defined in the literature. In what follows
we will be presenting the communicating SXM model as defined in [10] since this is the closest to
the model used in the implementation of FLAME [5] (there are however, a few differences that will
be discussed later). The model defined in [10] appears to be also the most natural of the existing
models of communicating SXMs since each communicating SXM is a standard SXM as defined by
Definition 6. In this model, each communicating SXM has only one (global) input stream of inputs
and one (global) stream of outputs. Depending on the value of the output produced by a commu-
nicating SXM, this is placed in the global output stream or is processed by a SXM component. For
a more detailed discussion about the differences between various models of communicating SXMs
see [14].

The following definitions are largely from [10].

Definition 7. A Communicating Stream X-Machine System (CSXMS for short) with n compo-
nents is a tuple S,, = ((Z;)1<i<n, E), where:

- Zz = (Ei,Fi,Qi,]Wi,@i,Fi,Ii,Ti,miyg) is the SXM with number 271 S i S n.
— E = (eij)1<i,j<n is a matriz of order n x n with e;; € {0,1} for 1 <i,5<n,i#j ande; =0
for1 <i<n.

A CSXMS works as follows:

— Each individual Communicating SXM (CSXM for short) is a SXM plus an implicit input queue
(i.e., of FIFO (first-in and first-out) structure) of infinite length; the CSXM only consumes the
inputs from the queue.

— An input symbol o received from the external environment (of FIFO structure) will go to
the input queue of a CSXM, say Z;, provided that it is contained in the input alphabet of
Zj. If more than one such Z; exist, then o will enter the input queue of one of these in a
non-deterministic fashion.

— Each pair of CSXMs, say Z; and Z;, have two FIFO channels for communication; each channel
is designed for one direction of communication. The communication channel from Z; to Z; is
enabled if e;; = 1 and disabled otherwise.

— An output symbol v produced by a CSXM, say Z;, will pass to the input queue of another
CSXM, say Z;, providing that the communication channel from Z; to Z; is enabled, i.e. e;; = 1,
and it is included in the input alphabet of Zj, i.e. v € X;. If these conditions are met by more
than one such Zj;, then v will enter the input queue of one of these in a non-deterministic
fashion. If no such Z; exists, then v will go to the output environment (of FIFO structure).

— A CSXMS will receive from the external environment a sequence of inputs s € X* and will
send to the output environment a sequence of outputs g € I'*, where X = X3 U--- U X,
I = (Fl \Inl) J---u (Fn \ITLn), with In; = Uk6K12k7 and K; = {k‘ | 1<k<n,ep= 1}, for
1 << n.

A configuration of a CSXMS S,, has the form z = (21,...,2x, 8, 9), where:

— z; = (Mmy, qi, 2, %), 1 < i < n, where m; € M; is the current value of the memory of Z;, ¢; € Q;
is the current state of Z;, a; € X7 is the current contents of the input queue and v; € I} is
the current contents of the output of Z;;
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— s is the current value of the input sequence;
— ¢ is the current value of the output sequence.

An initial configuration has the form 2o = (21,0, ..., 2n,0, 5, €), where z; o = (M50, ¢i,0, €, €), With ¢; 0 €
I;. A final configuration has the form z¢ = (21,f,...,2n,f, €, g), where z; ¢ = (M, ¢, 5, s, Vi), with ¢; r €
T,

A change of configuration happens when at least one of the X-machines changes its configura-
tion, i.e., a processing function is applied. More formally, a change of configuration of a CSXMS
Sp, denoted by =,

z:(zl7"’7271/7s7g) ):Z/:(Zi7"'7zn7$7g/)7

with z; = (my, ¢i, i, v:) and 2} = (m}, ¢}, o, ~}), is possible if one of the following is true for some
i, 1 <1< n:

1. (m}, ¢, o}, 7)) = (mi, gi, a0,€), with 0 € Xj; 2 = 2z, for k #4; s =05, ¢’ = g;

2. (M, @i, 004,%) F (ml, ¢, a,v) with o € Xy, vy € (I3 \ Iny); 2, = zp for k # 4, 8" = s, ¢/ = g7v;

3. (my, g, 004,7v;) b (M}, ¢, af,v) with o € X; U{e}, v € (I N X;) U{e} for some j # i such that
ey; = 1; (m;,q;-,oz;,%.) = (mj,q;,a;v,€); 2z, =z for k#iand k# j; s’ =s, ¢ = g;

A change of configuration is called a transition of a CSXMS. We denote by =* the reflexive and
transitive closure of |=.

The correspondence between the input sequence applied to the system and the output sequence
produced gives rise to the relation computed by the system, fs, . More formally, fs : X «— I'is

defined by: s fg, g if there exists zo = (21,0,...,%n,0,5,€) and zy = (21,¢,...,2n,f,€,¢g) an initial
and final configuration, respectively, such that zg [=* 2y and there is no other configuration z such
that 25 |= 2.

In [14] it is shown that for any kP system, kII, of degree n, kIl = (O, u,C, ...,Cy, i), using
only rewriting and communication rules, there is a communicating stream X-machine system,
Sn+1 = ((Zi1;)1<i<n, Zn+1, E') with n+ 1 components such that, for any multiset w computed by
kII, there is a complete sequence of transitions in S, +1 leading to s(w), the sequence corresponding
to w.. The first n CSXM components simulate the behaviour of the compartment C; and the
(n+1)th component Z, 1 helps synchronising the other n CSXMs. The matrix £’ = (eg,j)lgi,jgnﬁ-l
is defined by: egyj =1,1<14,j <n, iff there is an edge between i and j in the membrane structure
of kIl and ¢}, = ey, = 1,1 <4 < n (ie., there are connections between any of the first n
CSXMs and Z,+1, and vice-versa). Only one input symbol g is used; this goes into the input
queue of Z,, 1, which, in turn, sends |09, ] to each CSXM Z; and so initializes their computation,
by processing the strings corresponding to their initial multisets. Each computation step in kIl is
reproduced by a number of transitions in S,,11. Finally, when the kP system stops the computation,
and the multiset w is obtained in Cj,, then tS,; moves to a final state and the result is sent out
as an output sequence, s(w).

We now briefly discuss the implementation of CSXMSs in FLAME. Basically, there are two
restrictions that the FLAME implementation places on CSXMSs: (i) the associated FA of each
CSXM has no loops; and (ii) the CSXMSs receive no inputs from the environment, i.e., the inputs
received are either empty inputs or outputs produced (in the previous computation step) by CSXM
components of the system. As explained above, a kP system is transformed into a communicating
X-machine system by constructing, for each membrane, a communicating X-machine that simulates
its behaviour; an additional X-machine, used for the synchronization of the others, is also used.
In FLAME, however, the additional X-machine is no longer needed since the synchronization is
achieved through message passing - for more details see Section 3.1 and Appendix.

09
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3 Tools used for kP system models

The kP system models are specified with a machine readable representation, called kP-Lingua [4].
A slightly modified version of an example from [4] is presented below, showing how various kP
systems concepts are represented in kP-Lingua.

Ezample 1. A type definition in kP-Lingua.

type C1 {
choice {
>2b : 2b -> b, a(C2)
b-> 2b .
}
}
type C2 {
choice {
a —> a, {b, 2c}(C1)
}
}

ml {2x, b} (C1) - m2 {x} (C2)

Example 1 shows two compartment types, C1,C2, with corresponding instances m1,m2, respec-
tively. The instance m1 starts with the initial multiset 2x,b and m2 with an x. The rules of C1 are
selected non-deterministically, only one at a time. The first rule is executed only when its guard
is true, i.e., only when the current multiset has at least three b’s. This rule also sends an a to the
instance of type C2 linked to it. In C2 there is only a rule which is executed only when there is an
a in the compartment.

The specifications written in kP-Lingua can be simulated and formally verified using a model
checker called SPIN [4]. In this paper we show two further extensions, another verification mech-
anism based on the NUSMV model checker [3] and a large scale simulation environment using
FLAME (see website?). These two tools, which can be downloaded from the KPWORKBENCH web
page [13], will be presented below. The specification language kP-Lingua and the verification and
simulation tools are all integrated within KPWORKBENCH [4].

3.1 Simulation

The ability of simulating kernel P systems is one important aspect provided by a set of tools
supporting this formalism. Currently, there are two different simulation approaches (a performance
comparison can be found in [15]). Both receive as input a kP-Lingua model and outputs a trace
of the execution, which is mainly used for checking the evolution of a system and for extracting
various results out of the simulation.

KPWorkbench Simulator. KPWORKBENCH contains a simulator for kP system models and
is written in the C# language. The simulator is a command line tool, providing a means for
configuring the traces of execution for the given model, allowing the user to explicitly define the
granularity of the output information by setting the values for a concrete set of parameters:

— Steps - a positive integer value for specifying the maximum number of steps the simulation
will run for. If omitted, it defaults to 10

4 http://fAame.ac.uk
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— SkipSteps - a positive integer value representing the number of steps to skip the output gener-
ation for. By using this parameter, the simulation trace will be generated from the step next
to the current specified one, onward. If not set, the default value is 0

— RecordRuleSelection - defaulting to true, takes a boolean value on which to decide if the rule
selection mechanism defined by the execution strategy will be generated into the output trace

— RecordTargetSelection - if true (which is also the default value), traces the resolution of the
communicating rules, outputting the non-deterministically selected membrane of a specified
type to send the objects to

— RecordInstanceCreation - defaulting to true, specifies if the membrane creation processed should
be recorded into the output simulation trace

— RecordConfigurations - if true (being also the default setting), generates as output, at the end
of a step, the multiset of objects corresponding to each existing membrane

— ConfigurationsOnly - having precedence over the other boolean parameters, sets the value
of the above flags to false, except the one of the RecordConfigurations, causing the multiset
configuration for each of the existing membranes to be the only output into the simulation
trance. The default value is false

It’s worth mentioning that the KPWORKBENCH SIMULATOR tool, including the simulator, are
also available for the Unix-based operating systems supported by the Mono framework®.

FLAME-based Simulator The agent-based modeling framework FLAME is also used for simulat-
ing kP—Lingua specifications, one of the main advantages of this approach being its big scalability
degree and efficiency for simulating large scale models.

A general FLAME simulation requires the provision of a model for specifying the agents repre-
senting the definitions of communicating X-machines, whose behaviour is to be simulated, together
with input data representing the initial values of the memory for the generated X-machines. The
model specification is composed of an xml file defining the structure of the agents, while their
behaviour is provided as a set of functions in the C programming language.

In order to be able to simulate kernel P system models using the FLAME framework, an auto-
mated model translation is made for converting the kP—Lingua specification into the above men-
tioned formats. Thus, the various compartments defined into the kP-Lingua model are translated
into agent definitions, while the rule execution strategies corresponds to the transitions describing
the behaviour of the agents. More specifically, each membrane of the kP system is represented by
an agent. The rules are stored together with the membrane multiset as agent data. For each type
of membrane from the kP system, a type of agent is defined, and for each execution strategy of the
membrane, states are created in the X-machine. Transitions between the two states are represented
by C functions that are executed in FLAME when passing from one state to another. Each type
of strategy defines a specific function that applies the rules according to the execution strategy. A
detailed description of the algorithm for translating a kP system into FLAME is given in Appendix.

Each step of the simulation process modifies the memory of the agents, generating at the same
time output xml files representing the configuration of the corresponding membranes at the end of
the steps. The granularity level of the information defining the simulation traces is adjustable by
providing a set of concrete parameters for the input data set.

3.2 Model Checking

KPWORKBENCH already integrates the SPIN model checker [9]. A more detailed account can be
found in [4]. In this paper, we also integrate the NUSMV model checker [3] to the KPWORKBENCH

5 http://mono-project.com
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Fig. 1: Two cell types of the pulse generator system (taken from [2]).

platform to be able to verify branching-time semantics. NUSMV is designed to verify synchronous
and asynchronous systems. Its high-level modelling language is based on Finite State Machines
(FSM) and allows the description of systems in a modular and hierarchical manner. NUSMV
supports the analysis of specification expressed in Linear-time Temporal Logic (LTL) and Compu-
tation Tree Logic (CTL). NUSMV employs symbolic methods, allowing a compact representation
of the state space to increase the efficiency and performance. The tool also permits conducting
simulation experiments over the provided FSM model by generating traces either interactively or
randomly.

4 Case study: Pulse Generator

The pulse generator [1] is a synthetic biology system, which was analysed stochastically in [2,12].
It is composed of two types of bacterial strains: sender and pulsing cells (see Figure 1). The sender
cells produce a signal (30C6-HSL) and propagates it through the pulsing cells, which express the
green fluorescent protein (GFP) upon sensing the signal. The excess of the signalling molecules are
propagated to the neighbouring cells.

Sender cells synthesize the signalling molecule 30C6-HSL (AHL) through the enzyme LuxI, ex-
pressed under the constitutive expression of the promoter PLtet01. Pulsing cells express GFP under
the regulation of the P1uxPR promoter, activated by the LuxR_30C6_2 complex. The LuxR protein
is expressed under the control of the PluxL promoter. The GFP production is repressed by the
transcription factor CI, codified under the regulation of the promoter P1uxR that is activated upon
binding of the transcription factor LuxR_30C6_2.

4.1 Stochastic model

The formal model consists of two bacterial strains, each one is represented by an SP system model.
So, L = {sender, pulsing}, describes these two labels and accordingly:

SP, = (Op,Mp,Rp),h € L (4)
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where
Osender = {PLtetOl,geneLuxI, proteinLuxI, proteinLuxI_Rib, rnaluxI,
rnaluxI RNAP, signal30C6}

Menger = PLtet01_geneLuxI

Rsender = {7‘1 : PLtet01_genelLuxI k% PLtet01_geneLuxI + rnaluxI _RNAP k; = 0.1,
7o : rnaluxI RNAP }3 rnaluxI k, = 3.36,
r3 : rnaluxI g rnaluxI + proteinLuxI Rib ks = 0.0667,
r4 : rnaluxI g k, = 0.004,
r5 : proteinLuxI_Rib LY proteinLuxI ks = 3.78,
r¢ : proteinLuxI g ke = 0.067,
r7 : proteinLuxI e proteinLuxI 4 signal30C6 k; =5}

and

Opulsing = {CI2,LuxR2,PluxL_geneLuxR, PluxPR_CI2_geneGFP,
PluxPR_LuxR2_CI2_geneGFP, P1luxPR_LuxR2_geneGFP, PluxPR_geneGFP,
PluxR_LuxR2_geneCI,PluxR_geneCI, proteinCI, proteinCI_Rib, proteinGFP,
proteinGFP Rib, proteinLuxR, proteinLuxR_30C6, proteinLuxR Rib, rnaCI,
rnaCI_RNAP, rnaGFP, rnaGFP_RNAP, rnaluxR, rnaluxR RNAP, signal30C6}

Mpuising = PluxL_geneLuxR, P1luxR_geneCI, P1uxPR_geneGFP.

The set of rules (Rpuising) 1S presented in Table 6 (Appendix).
The translocation rules are:

Tr = {ry : [signal30C6]sender LN [signal30C6|yuising k1 = 1.0,
o : [signal30C6]sender hac [signal30C6]secnder ko = 1.0,
73 : [signal3006]puising — [signal30C6]puising ks = 1.0}.

The lattice, given by Lat, is an array with n rows and m columns of coordinates (a,b), where
0<a<n-—1and 0 <b<m—1. The values n and m will be specified for various experiments
conducted in this paper. In all the experiments the first column will be associated with sender SP
systems and the rest with pulsing systems. Formally, Pos(a,0) = SPsender, 0 < a < n —1, and
Pos(a,b) = SPpuising, 0 <a<n—1land 1 <b<m-—1.

4.2 Nondeterministic model

Non-deterministic models are used for qualitative analysis. They are useful for detecting the exis-
tence of molecular species rather than for measuring their concentration. A typical non-deterministic
model can be obtained from a stochastic model by removing the kinetics constants.

More precisely, one can define two types corresponding to the two bacterial strains in accordance

with Definition 4, namely T = {sender, pulsing}, and the corresponding rule sets, R, ., and
4 The rules from R/, ... are obtained from Rgender and ri,7o € Tr, and those from

pulsing*
pulsing are obtained from Rpuising and 73 € T'r, by removing the kinetic rates. For each rule
from the set Tr, namely r : [z]n, = [2]n,, the corresponding rule of the kP system will be
ry : x — x(t), where ¢ € T. The execution strategies are those described in the associated

definitions of the kP systems.
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The kP system with n x m components is given, in accordance with Definition 3, by the graph
with vertices Cyp = (tap, Wa,p), Where top € T and w,y is the initial multiset, 0 < a < n —1,
0 < b <m—1; and edges where each component Cyp, with 0 <a <n—-2,0<b<m—2,is
connected to its east, Cqy 11, and south, Cyi1,p, neighbours. The types of these components are
tq,0 = sender, 0 < a <n—1, and t,; = pulsing, 0 <a <n—1and 1 <b < m — 1. The initial
multisets are wq,,0 = Msender, 0 < a <n—1, and wap = Mpuising, 0 <a<n—land1<b<m-—1.

So, one can observe the similitude between the lattice and function Pos underlying the definition
of the LPP system and the graph and the types associated with the kP system.

4.3 Nondeterministic simplified model

In order to relieve the state explosion problem, models can also be simplified by replacing a long
chain of reactions by a simpler rule set which will capture the starting and ending parts of this chain,
and hence eliminating species that do not appear in the new rule set. With this transformation we
achieve a simplification of the state space, but also of the number of transitions associated with
the model.

The non-deterministic system with a set of compacted rules for the sender cell is obtained from
the kP system introduced above and consists of the same graph with the same types, T, and initial
multisets, wqp, 0 <a <n—1,0<b<m-— 1, but with simplified rule sets obtained from R/

sender

and R}, .., and denoted R, ;.. defined as follows:
N nder = 171 : PLtet01_geneLuxI—PLtet01_geneLuxI + rnaLuxI_RNAP,
ro : proteinLuxI—,
r3 : proteinLuxI—proteinLuxI + signal30C6,
r4 : signal30C6—signal30C6 (pulsing),
r5 : signal30C6—signal30C6 (sender)}
and R}, is defined in Table 7 (Appendix).

5 Experiments

5.1 Simulation

The simulation tools have been used to check the temporal evolution of the system and to infer
various information from the simulation results. For a kP system of 5 x 10 components, which
comprises 25 sender cells and 25 pulsing cells, we have observed the production and transmission
of the signaling molecule from the sender cells to the furthest pulsing cell and the production of
the green florescent protein.

FLAME Results As explain earlier, in FLAME each agent is represented by an X-machine. When
the X-machine reaches the final state, the data is written to the hard disk and it is then used as
input for the next iteration. Since the volume of data increases with the number of membranes,
the more membranes we have, the more time for reading and writing data from or to the hard
disk is required. Consequently, when the number of membranes is large, the time required by the
read and write operations increases substantially and so the simulation may become infeasibleS.
For example, for the pulsing generator system it was difficult to obtain simulation results after
100,000 steps; the execution time for 100,000 steps was approximately one hour.

5 On the other hand, the distributed architecture of FLAME allows the simulation to be run on parallel
supercomputers with great performance improvements, but this is beyond the scope of this paper.
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Table 1: FLAME results.

sendery 1 pulsesg

Step Interval signal30C6 signal30C6 proteinGFP

0 — 10,000 Exist Exist None
10,001 — 20,000 Exist Exist None
20,001 — 30,000 Exist Exist None
30,001 — 40,000 Exist Exist None
40,001 — 50,000 Exist Exist None
50,001 — 60,000 Exist Exist None
60,001 — 70,000 Exist Exist None
70,001 — 80,000 Exist Exist None
80,001 — 90,000 Exist Exist None
90,001 — 99,666 Exist Exist None
99,667 — 100,000 Exist Exist Exist

Table 2: KPWORKBENCH SIMULATOR results.

sender; ; pulses 1o
Step Interval signal30C6 signal30C6 proteinGFP

0 — 300,000 Exist Exist None
300,001 — 600,000 Exist Exist None
600,001 — 900,000 Exist Exist None
900,001 — 1,200,000 Exist Exist None
1,200,001 — 1,500,000 Exist Exist None
1,500,001 — 1,800,000 Exist Exist None
1,800,001 — 2,100,000 Exist Exist None
2,100,001 — 2,400,000 Exist Exist None
2,400,001 — 2,700,000 Exist Exist Exist
2,700,001 — 3,000,000 Exist Exist None

The signaling molecule signal30C6 appeared for the first time in the sending cell sender; ; at
the 27th step ; after that , it appeared and disappeared many times. In the pulsing cell pulses o, the
signaling molecule appeared for the first time at 4963 steps, while the proteinGFP was produced
for the first time after 99,667steps.

The results of the FLAME simulation show that the signaling molecules produced in the sending
cells are propagated to the pulsating cells which, in turn, produce the proteinGFP. The results of
the simulation are given in Table 1. In 100,000 steps (the maximum number of steps considered for
the FLAME simulation), the farthest cell in which proteinGFP was produced was pulses g - this
was produced after 99,667 steps.

KPWorkbench Simulator Results KPWORKBENCH SIMULATOR is a specialised simulation
tool and provides better results, in terms of execution time, then a general purpose simulation
environment like FLAME. This is mainly due to the fact that this approach makes the simulation
to be performed in a single memory space, that scales according to the number of membranes used
in the model and the number of objects resulting from applying the rules in each simulation step.

Table 2 presents the production and availability of the signaling molecule at the first sender
cell (i.e. sender; 1) and the transmission of the signaling molecule and the production of the green
florescent protein at the furthest pulsing cell (i.e. pulses 19).
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Table 3: Property patterns used in the verification experiments.

Prop.‘ Informal specification and the corresponding CTL translations

1 X will eventually be produced.
EF X>0
9 The availability/production of X will eventually lead to the production of Y.
AG (X = EF Y)
3 Y cannot be produced before X is produced.
- E (X=0 U Y>0)

We have run the simulator for 3,000,000 time steps. The sender; ; cell was able to produce the
signaling molecule at 22 steps, and later produced more signaling molecules. The pulses 19 cell, as
the furthest pulse generator cell, was able to receive the signaling molecule at the 5474 step. But,
the production of proteinGFP was possible at the 2,476,813 step, and it remained inside the cell
until the 2,476,951 step, then it was consumed.

The simulation results show that the signaling molecule can be produced and transmitted by
a sender cell. In addition, a pulse generator cell can have a signaling molecule only after a sender
cell sends it, and can use the signal for the production of proteinGFP in later steps.

5.2 Verification

The properties of the system are verified using the NUSMV model checker, fully integrated into
the KPWORKBENCH platform. In this section, we first verify individual cell properties, and then
verify the properties of the whole kP system, involving multiple cells that are distributed within
the lattice and interact with each other via the translocation rules.

Our verification results show that when the cell population is small, the properties can be
verified using reasonable computational resources. However, given that the complete rule set is
used, when the number of cell increases, verification becomes no longer feasible due to the state
explosion problem. To mitigate this problem, we have used simplified rule set to verify the cell
interaction properties when the cell populations is large.

Complete Rule Sets. Experiments under this section are conducted on a small population of
multi-cellular systems including the complete set of rules. We have analysed two pulse-generator
systems that differ only in the number of pulse generator cells. The first group consists of one
sender cell and one pulse generator cell, i.e. 1 X 2 components, whereas the second group has one
more pulse generator cell, i.e. 1 X 3 components.

For our experiments, we use the property patterns provided in Table 3. Table 4 shows the
verification results for the properties given in Table 3 using two different groups. NUSMV has
returned TRUE for all the properties. In the group with 1 x 2 components, we have verified that
the sender cell (sender;) can produce a signalling molecule and transmit it to the pulsing cell
(pulsing;). In addition, the pulse generator cell can use that signal to produce the green florescent
protein (proteinGFP). In the group with 1 x 3 components, we have verified similar properties. In
addition, we have verified that the first pulsing cell (pulsing;) can transmit the signalling molecule
to the second pulsing cell (pulsings).

Reduced Rule Sets. Using a larger sets of components, we want to prove that the signalling
molecule can be transmitted to the further pulsing cells. However, when we increase the number
of cells, verification becomes no longer feasible due to the state explosion problem. In order to
achieve the verification results within a reasonable time, we have compacted the rules sets such
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Table 4: Verification experiments for the complete rule sets.

‘Lattice‘Property‘ X, Y ‘
X = sender;.signal30C6
Prop. 1
top X = pulsing;.signal30C6
1 %2 Prop. 2 X = pulsing; .§1gna13006, Y = puls:rngl .proteJ:nGFP
X = sender;.signal30C6, Y = pulsing;.proteinGFP
Prop. 3 X = pulsing;.signal30C6, Y = pulsing;.proteinGFP
p- X = sender;.signal30C6, Y = pulsing;.proteinGFP
Prop. 1 X = puls::mgg.signa]..inCG
X = pulsing>.proteinGFP
1x3 Prop. 2 X = pulsing; .§1gna130067 Y = pulsJ:ng2.proteJ:nGFP
X = sender;.signal30C6, Y = pulsingy.proteinGFP
Prob. 3 X = pulsing;.signal30C6, Y = pulsings.signal30C6
P- X = sender;.signal30C6, Y = pulsing>.signal30C6

Table 5: Verification experiments for the reduced rule sets.

‘Lattice‘Property‘ X, Y ‘
Prop. 1 X = puls%ngzl.signaIALSDCG
X = pulsingy.proteinGFP
1x5 Prop. 2 X = pulsing; .élgnalBOCG, Y = pulsl.ng4.protel.nGFP
X = sender;.signal30C6, Y = pulsings.proteinGFP
Prob. 3 X = pulsings.signal30C6, Y = pulsing,.signal30C6
p- X = pulsingz.signal30C6, Y = pulsingy.proteinGFP

that an entire chain of reactions is replaced by a fewer simple rules. Consequently, the overall
number of interactions is reduced and all the species which do not appear in the new set of rules
are removed from the model. These changes are made in the non-deterministic models as these
are used for qualitative analyses where the concentration of certain molecules is not significant or
chain of reaction already analysed can be replaced by some abstractions mimicking their behaviour
through simpler rewriting mechanisms.

Here, we define a group of cells with 1 x 5 components, where 1 sender and 4 pulsing cells are
placed in row. For this scenario, we could verify the same properties in Table 4 using the reduced
rule sets (as defined in Section 4.3). In addition, we have verified additional properties to analyse
the other pulsing cells. Table 5 shows these properties, for which NUSMV has returned TRUE.
The verification results show that the sender cell can produce the signalling molecule and transmit
it to the adjacent pulsing cell, and the pulsing cells can use the signalling molecule to produce
proteinGFP and transmit it to the its neighbour pulsing cells.

6 Conclusions

In this paper, we have presented two extensions to KPWORKBENCH: a formal verification tool based
on the NUSMV model checker and a large scale simulation environment using FLAME;, a platform
for agent-based modelling on parallel architectures. The use of these two tools for modelling and
analysis of biological systems is illustrated with a pulse generator, a synthetic biology system. We
have provided both the stochastic model as SP systems and the non-deterministic model as kP
systems as well as a reduced model. We have also provided both simulation and verification results,
confirming the desired behaviour of the pulse generator system.



148

Future work will involve modeling, simulation and verification of even more complex biological

systems as well as performance comparisons of simulators and model checking tools integrated
within KPWORKBENCH.
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Algorithm 1 Transforming a kP Systems into Flame algorithm

1: procedure ADDTTRANSITION(startState, stopState, strategy, guard)

> procedure adding the appropriate transition strategy to the current agent stack given as parameter

and FLAME function applying rules conforming to execution strategy
> guard is an optional parameter that represents the transition guard
2: if strategy is Sequence then
3: agentTtransitions.Push(startState, stopState, SequenceFunction, guard)
> FLAME function SequenceFunction applies rules in sequentially mode
4: else if strategy is Choice then
5: agentTtransitions.Push(startState, stopState, ChoiceFunction, guard)
> FLAME function ChoiceFunction applies rules in choice mode
6: else if strategy is ArbitraryParallel then

7 agent Ttransitions.Push(startState, stopState, ArbitraryParallelFunction, guard)

> FLAME function ArbitraryParallelFunction applies rules in arbitrary parallel mode
8: else if strategy is MaximalParallel then
9: agentTtransitions.Push(startState, stopState, MaximalParallelFunction, guard)

> FLAME function MazimalParallelFunction applies rules in mazximal parallel mode

10: end if
11: end procedure
12:

> main algorithm for traforming a kP system into Flame
13:
14: agentsStates.Clear()
15: agentsTtransitions.Clear()

> empty state and transition stacks of agents
16: foreach membrane in kPSystem do

> for each membrane of kP system build corresponding agent, consisting of states and transitions

17: agentStates.Clear()
18: agentTtransitions.Clear()

> empty state and transition stacks of agent that is built for the current membrane
19: agentStates.Push(startState)

> adding the initial state of the X machine
20: agentStates.Push(initializationState)

> adding initialization state
21: agentTtransitions.Push(startState, initializationState)

> adding transition between the initial and initialization states; this transition performs objects

allocation on rules and other initializations

22: foreach strategy in membrane do

> for each strategy of the current membrane the corresponding states and transitions are built
23: previousState = agentStates.Top()

> the last state is stored in a temporary variable
24: if is first strategy and strategy.hasNext() then
> when the strategy is the first of several, state and transition corresponding to the execution
strategy are added
25: agentStates.Push(strategy.Name)
26: AddTtransition(previousState, strategy.Name, strategy)
27: else
28: if not strategy.hasNext() then
> if it is the last strategy, the transition corresponding to the execution strategy is added

29: AddTtransition(previousState, applyChangesState, strategy)

30:

else
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Algorithm 1 Transforming a kP Systems into Flame algorithm (continued)

31:

32:

33:

34:

35:
36:

37:

38:
39:
40:
41:
42:
43:
44:
45:
46:
47:

48:

49:

50:

51:

agentStates.Push(strategy. Name)
> add corresponding state of the current strategy
if strategy.Previous() is Sequence then
> verify that previous strategy is of sequence type
AddTtransition(previousState, strategy.Name, strategy, IsApplyAllRules)
> add transition from preceding strategy state to the current strategy state. The guard
18 active if all the rules have been applied in the previous strategy transition.
agentTtransitions.Push(previousState, applyChangesState, IsNot Apply AllRules)
> add transition from preceding strategy state to state where changes produced by rules
are applied. The guard is active if not all rules have been applied in the previous
strategy transition
else
AddTtransition(previousState, strategy.Name, strategy)
> add transition from preceding strategy state to the current strategy state
agentTtransitions.Push(previousState, applyChangesState, IsApplyStructureRule)
> add transition from preceding state strategy to state in which changes produced by the
applied rules are committed. The guard is active when the structural rule has been
applied on the previous strategy transition
end if
end if
end if
end for
agentStates.Push(applyChangesState)
adding state in which changes produced by the applied rules are committed
agentTtransitions.Push(applyChangesState, receiveState)
adding transition on which changes produced by the applied rules are committed
agentStates.Push(receiveState)
add state that receives objects sent by applying the communication rules in other membranes
agentTtransitions.Push(receiveState, sOState)
add transition that receives objects sent by applying the communication rules in other membranes
agentStates.Push(s0State)
> add an intermediary state
agentTtransitions.Push(sOState, endState, IsNotApplyStructureRule)
add transition to the final state in which nothing happens unless a structural rule was applied
agentTtransitions.Push(sOState, endState, IsApplyStructureRule)
add the transition to the final state on which structural changes are made if the structure rule has
been applied
agentStates.Push(endState)
add the final state
agentsStates.PushAll(agentStates.Content())
> add the contents of the stack that holds the current agent states to the stack that holds the states
of all agents
agentsTtransitions.PushAll(agentStates.Content ())
> add the contents of the stack that holds the current agent transitions to the stack that holds the
transitions of all agents

v

v

v

v

v

v

v

52: end for
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Table 6: Multiset rules (Rpuising) of the SP systems model of the pulsing cell.

Rule if)l:sett;t
r1: PluxL_geneLuxR LN PluxL_geneLuxR + rnaLuxR_RNAP ks = 0.1

72 1  rnaLuxR_RNAP 2 rnaluxR ko = 3.2

rs : rnaLuxR 5 rnaluxR + proteinLuxR_Rib k3 = 0.3

T4 : rnaLuxR g ks = 0.04

75 : proteinLuxR Rib 5 proteinLuxR ks = 3.6

7T¢ : proteinLuxR 13 ke = 0.075
r7: proteinLuxR + signal30C6 = proteinLuxR_30C6 k7 = 1.0

rg : proteinLuxR_30C6 5} kg = 0.0154
r9 : proteinLuxR_30C6 + proteinLuxR_30C6 k& LuxR2 ko = 1.0
rio: LuxR2 =% Kio = 0.0154
r11 : LuxR2 + PluxR_geneCI k# PluxR_LuxR2_geneCI ki1 = 1.0
r12 : PluxR_LuxR2_geneCI ki? LuxR2 + PluxR_geneCI ko =1.0
r13 : PluxR_LuxR2_geneCI }3 PluxR_LuxR2_geneCI + rnaCI_RNAP kiz =14
714 : rnaCIRNAP % rnaCI Kig = 3.2
7r15 : rnaCIl k—li rnaCIl + proteinCI_Rib kis = 0.3
716 : rnaCIl k—1§ kig = 0.04
r17 : proteinCI_Rib e proteinCI ki7 = 3.6
r18 : proteinCI k—1§ kig = 0.075
719 : proteinCI + proteinCI k_1§ CI2 ki9g = 1.0
oo CI2 8 kzo = 0.00554
721 : LuxR2 + PluxPR_geneGFP ! PluxPR_LuxR2_geneGFP ko = 1.0
r22 : PluxPR_LuxR2_geneGFP 13 LuxR2 + PluxPR_geneGFP koo = 1.0
ro3 : LuxR2 + PluxPR_CI2_geneGFP ki? PluxPR_LuxR2_CI2_geneGFP ko3 = 1.0
T24 : PluxPR_LuxR2_CI2_geneGFP 13 LuxR2 + PluxPR_CI2_geneGFP kog = 1.0
r25 : CI2 + PluxPR_geneGFP kﬁ PluxPR_CI2_geneGFP kos = 5.0
T26 : PluxPR_CI2_geneGFP ki? CI2 + PluxPR_geneGFP kos = 0.0000001
ro7 : CI2 + PluxPR_LuxR2_geneGFP ki; PluxPR_LuxR2_CI2_geneGFP ko7 = 5.0
728 : PluxPR_LuxR2_CI2_geneGFP 1(—29 CI2 + PluxPR_LuxR2_geneGFP kog = 0.0000001
729 : PluxPR_LuxR2_geneGFP k—zg PluxPR_LuxR2_geneGFP + rnaGFP_RNAP ky = 4.0
30 : rnaGFP_RNAP 3 rnaGFP kso = 3.36
r31 : rnaGFP k—% rnaX + proteinGFP_Rib k3; = 0.667
r32 : rnaGFP k—3§ k3o = 0.04
r33: proteinGFPRib ¥ proteinGFP kss = 3.78
T34 : proteinGFP = k3q = 0.0667

Table 7: Multiset rules (R ) of the kP systems model of the pulsing cell.

pulsing
Rule
71 : PluxL_geneLuxR — PluxL_geneLuxR + rnaLuxR_RNAP
T2 : proteinLuxR —
r3: proteinLuxR + signal30C6 — proteinLuxR_30C6
r4 : proteinLuxR_30C6 —
75 : proteinLuxR_30C6 + PluxPR_geneGFP — PluxPR_LuxR2_geneGFP
76 : PluxPR_LuxR2_geneGFP — PluxPR_LuxR2_geneGFP + proteinGFP
r7: proteinGFP —
rg : signal30C6 — signal30C6 (pulsing)
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Notes on Spiking Neural P Systems with Structural
Plasticity Computing Morphisms
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Abstract. Spiking Neural P Systems with Structural Plasticity (or SPSNP sys-
tems) introduced the biological feature of structural plasticity into SNP systems:
neurons can create or remove synapses among them. This work is an ongoing
effort to investigate SPSNP transducers for computing morphisms.

Key words: Spiking Neural P systems, structural plasticity, transducers, morphisms

SPSNP systems were introduced in [1], where plasticity rules are added to the stan-
dard spiking rules in SNP systems literature (more information can be found in [2] and
[4]). Plasticity rules allow the creation and removal of synapses, therefore changing the
synapse graph of the system. The addition of plasticity rules is a partial response to the
open problem D by Paun in [4] where “dynamism for synapses” is proposed. Spiking
and forgetting rule syntax and semantics from SNP systems remain the same for SP-
SNP systems. The plasticity rules are of the form E/a® — ok : (i, N;), where: E'is a
regular expression over {a}; c spikes are consumed when the rule is applied in neuron
o;; « € {4+, —, £, F} indicates whether to create, delete, create-then-delete, or delete-
then-create synapses, respectively; IV is a set of neurons that o; can create synapses to
or delete synapses from. Every time o; creates a synapse to some oy, k € N;, one spike
is immediately sent from o; to 0. For example, applying the rule a — +1 : (¢, {7, k})
in o; means consuming one spike and creating one synapse from o; nondeterministi-
cally to either o or 0.

In [3] SNP transducers were investigated: SNP transducers are simply SNP systems
with both input and output neurons. SNP transducers were used to compute morphisms
from three classes over a binary alphabet: (non)erasing, (non)length preserving, (not)
powers of the same word. Consider the morphism p : {0, 1}* — {0, 1}" where (0) =
01 and p(1) = 10. From [3] we have that x is a morphism that is non-erasing, non-
length preserving, and not power of the same word. It is known that morphisms such as
1 cannot be computed by SNP transducers (see [3] for more information). What follows
is an overview of an SPSNP transducer computing p using an encoding for the input
spike train.

Consider the SPSNP transducer II,,, graphically shown below. The initial configu-
ration is where only o5 contains one spike. In the figure, neurons with no rules shown
have only the rule a — a, and we omit this from writing. We mark the time for the
initial configuration as time 0. The infinite spike train that is considered after time O
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will be the input of II,. Recall that no spike corresponds to an input (or output) of
0, and a spike corresponds to an input (or output) of 1. We use an encoding ~y on an
input w € {0,1}* U {0,1}* of p for II,, as follows: only the inputs entering II,, at
odd times are considered as correct or valid inputs. For example, an input 011010 for
p is encoded as v(011010) = 002130 16G)p6)0(ME) 1101 " where
(t),t € {1,2,...,11}, is the time when no spike or a spike enters IT,,. Whenever ¢
is even this corresponds to an input we do not consider. In particular, an input of O or
no spike must be present on even times, so that these inputs do not interfere with the
functioning of II,. Only the inputs for odd values of ¢, shown in bold numbers, are

considered.
Ql Myt (i, (1)) 0\ O

a® — £1: (in, {out})

out 2

b
()

The correct output of I1,, is only considered starting at time 3, so that we have a fixed
and unambiguous prefix 0% in the output, i.., given an input w, we have II,(v(w)) =
0% (w). Neuron 4n is the only neuron with plasticity rules, and acts similar to a switch:
it activates (by sending one spike) either oy or o,,; depending on whether ¢;,, contains
one or two spikes, respectively. In the case when no spike enters the system (an input of
0) at some time ¢ then, the plasticity rule with 2 = a is always applied in 0;,,. Applying
this plasticity rule creates a synapse (which is deleted in the next step) and sends one
spike from o, to o1. Therefore at time ¢+ 1 no spike is sent to the environment, and o
sends one spike to o,,;. At time ¢ + 2 one spike is sent to the environment by o,,,;. We
therefore produced an output produced by 1(0). If however we have a spike as input at
time ¢ (input of 1), then the plasticity rule with E = a? is always applied. Applying this
rule creates a synapse (which is deleted in the next step) and sends one spike from o,
to ooyt At time t 4 1 we have one spike sent to the environment by o,,,;, and no spike
is sent at time ¢ + 2. We therefore produced an output produced by p(1).
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Abstract. P colonies were introduced in 2004 (see [10]) as an abstract
computing device composed of independent single membrane agents, re-
actively acting and evolving in a shared environment. Each agent is
equipped with set of rules which are structured into simple programs.
There are some models outgoing from original P colony. In most cases,
models are equipped with such components which are associated with the
environment. This is the case of Pcol automaton too. The agents work
not only with environment but also with an input tape. We use this two
theoretical computational devices to build complex robot controllers. In
this paper we introduce simple controllers one fulfilling instructions and
the other one for passing the maze using right-hand rule. We followed two
different approaches and ideas and we present here the obtained results.

1 Introduction

Recently, the robotics has been more and more expanding and intervening
in various branches of science like biology, psychology, genetics, engineering,
cognitive science, neurology etc. An effort to create robots with an artificial
intelligence which are able to cogitate or to solve various types of problems
refers to hardware and software limits. Many of these limits are managed to be
eliminated by the interdisciplinary approach which allows creating new concepts
and technics suitable for the robot control and facture of the new hardware.

The robot control is often realized by the classical procedures known from
the control theory (see [17]), concepts inspired by the biology, evolution concepts
(see [7]) or with use of the decentralized approaches (see [16]).

Another proposal to use the P systems as an instrument for the realiza-
tion of the robot control can be found in [1], [2]. The controller based on the
numerical P systems allows the parallelization of the computation of the func-
tion which the controller has to perform. In [18] the authors showed the use of
P systems for modelling mobile robot path planning. The authors proposed a
modified membrane-inspired algorithm based on particle swarm optimization,
which combines membrane systems with particle swarm optimization.

The robot’s control is realized by the control unit. Robots are equipped with
the various types of sensors, cameras, gyroscopes and further hardware which all
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together represent the robots perception. These hardware components provide
to the control unit the information about the actual state of the environment
in which the robot is present and also the information about the internal states
of the robot. After the transformation of these inputs a new data is generated
which is forwarded to the actuators like the wheels, robotic arm etc. Thus the
robot can pass the obstacle by using the sensors and adjusting the speed of
the particular wheels. So the objective of the control unit is to transform input
signals to the output signals which consequently affect the behaviour of the
robot. Transformation of these signals can be done computationally in various
ways with use of the knowledge or fuzzy knowledge systems, artificial neural
networks, or just with use of the membrane systems namely P colonies as it will
be shown in this paper.

P colonies were introduced in 2004 as an abstract computing devices com-
posed from independent single membrane agents, reactively acting and evolving
in a shared environment ([9]). P colonies reflect motivation from colonies of gram-
mar systems, i.e. the idea of the devices composed from as simple as possible
agents placed in a common environment; the system, which produce nontrivial
emergent behaviour, using the environment only as the communication medium
with no internal rules. P colonies consist of single membrane agents, cells, “float-
ing” in a common environment. Sets of rules of cells are structured to simple
programs in P colonies. Rules in a program have to act in parallel in order to
change all objects placed into the cell, in one derivation step. Objects are grouped
into cells or they can appear in their completely passive environment in which
these cells act. In [9] the set of programs was extended by the checking rules.
These rules give an opportunity to the agents to opt between two possibilities.
They have form 71 /r5. If the checking rule is performed, the rule r1 has higher
priority to be executed than the rule ry has. It means that the agent checks the
possibility to use rule r;. If it can be executed, the agent has to use it. If the
first rule cannot be applied, the agent uses the second one.

Pcol automaton was introduced in order to describe the situation, when
P colonies behave according to the direct signals from the environment (see
[3]). This modification of the P colony is constructed in order to recognize input
strings. In addition to the writing and communication rules usual for a P colony
cells in Pcol automata have also tape rules. Tape rules are used for reading next
symbol from the input tape and changing an object in cell(s) to the read symbol.
Depending on the way tape rules and other rules can take a part in derivation
process several computation modes are treated. After reading the whole input
word, computation ends with success if the Pcol automaton reaches one of its
accepting configurations. So, in accordance with finite automata, Pcol automata
are string accepting devices based on the P colony computing mechanisms. Con-
troller based on P colonies described in this paper is drawn up as a group of
cooperating agents who live in shared environment, through which agents can
communicate. Such controller can be used for wide range of tasks associated
with control issues.
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In this paper we follow two ideas of how to control robot with use of P colonies.
The first controller model uses Pcol automaton for which we put on the input
tape the instruction for robot. The agents have to read the current information
from the tape and with the objects in the environment that come from receptors
they generate objects - commands for actuators. The second idea is to use orig-
inal model of P colony and put all information to the environment. We divide
the agents into modules that will perform the individual functions in the control
of the robot.

The paper is structured as follows: After the brief introduction, we will
present formal model of the P colony and of the Pcol automata in section 2.

In section 3 Pcol automaton is used for robot control. Our device consists
from 7 agents structured into four natural modules; namely control unit, left
actuator controller, right actuator controller and infra-red receptor. The Pcol
automaton uses checking rules but it can be redesigned to the Pcol automaton
without using checking rules with the greater number of agents then 7. In the
section 4 we describe P colony controller which can go through the maze using
right-hand rule. The P colony has 5 agents with capacity 3. At the conclusion
we compare both models and we outline one of possible directions for further
research.

Throughout the paper we assume that the reader is familiar with the basics
of the formal language theory.

2 Preliminaries on the P colonies and Pcol automata

P colonies were introduced in 2004 (see [10]) as an abstract computing device
composed of independent single membrane agents, reactively acting and evolv-
ing in a shared environment. This model is inspired by structure and function
of a community of living organisms in a shared environment.

Each agent is represented by a collection of objects embedded in a membrane.
The number of objects inside each agent is constant during the computation.
With each agent is associated a set of simple programs. Each program is com-
posed from the rules which can be of two types. The first type of rules, called
the evolution rules, are of the form a — b. It means that the object a inside
the agent is rewritten (evolved) to the object b. The second type of rules, called
the communication rules, are of the form ¢ < d. If the communication rule is
performed, the object ¢ inside the agent and the object d outside the agent swap
their places. Thus after executing the rule, the object d appears inside the agent
and the object ¢ is placed outside the agent.

If the checking rule r1/ry is performed, then the rule r; has higher priority
to be executed over the rule ry. It means that the agent checks whether the
rule r; is applicable. If the rule can be executed, then it is compulsory for the
agent to use it. If the rule r; cannot be applied, then the agent uses the rule
r9. The program determines the activity of the agent. The agent can change
the content of itself or of the environment.
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The environment contains several copies of the basic environmental object
denoted by e. The environmental object e appears in arbitrary large number of
copies in the environment.

This interaction between agents is a key factor in functioning of the P colony.
In each moment each object inside the agent is affected by executing the program.

For more information about P systems see [14] or [15].

Definition 1. The P colony of the capacity k is a construct
II=(Ae, f,Vg,B1,...,Bn), where

— A is an alphabet of the colony, its elements are called objects;
— e € A is the basic object of the colony;
— f € A is the final object of the colony;
— Vg is a multiset over A —{e}, it determines the initial state (content) of the
environment;
— By, 1 <i<n, are agents, each agent is a construct B; = (O;, P;), where
o O; is a multiset over A, it determines the initial state (content) of the
agent, |0;| = k;
o P,={pi1,...,pik } is a finite multiset of programs, where each program
contains exactly k rules, which are in one of the following forms each:
* a — b, called the evolution rule;
* ¢ <> d, called the communication rule;
* 11/T2, called the checking rule; r1,7o are the evolution rules or the
communication rules.

An initial configuration of the P colony is an (n+1)-tuple of strings of objects
present in the P colony at the beginning of the computation. It is given by the
multiset O; for 1 < i < n and by the set Vg. Formally, the configuration of the P
colony I7 is given by (w1, ..., w,,wg), where |w;| =k, 1 < i < n, w; represents
all the objects placed inside the i-th agent, and wg € (A — {e})* represents all
the objects in the environment different from the object e.

We will use the parallel model of P colonies for the robot controller. It means
that each agent tries to find one usable program in current configuration at each
step of the parallel computation. If the number of applicable programs is higher
than one, then the agent nondeterministically chooses one of the programs. The
maximal possible number of agents is active at each step of the computation.
By use of chosen programs the P colony goes from one configuration to another
one.

The configuration is called halting if any agent has no applicable program.
The result of computation is associated with the halting configuration. It is the
number of final objects placed in the environment at the end of computation. Be-
cause of nondeterminism in computation we obtain the set of numbers computed
by P colony.

By extending the P colony with the input tape we obtain a string accepting/
recognizing device; the PCol automaton (see [3]). The input tape contains the
input string which can be read by the agents. The input string is the sequence
of the symbols. To access the tape the agents use special tape rules (T-rules).
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The rules not accessing the tape are called non-tape rules (/N-rules). The com-
putation and use of the T-rules is very similar to the use of the rules in the
P colonies. Once any of the agents uses its T-rule, the actual symbol on the tape
is considered as read.

Definition 2. A PCol automaton of the capacity k and with n agents, k,n > 1,
18 a construct
II =(Ae,wg, (01,P1),...(0n, B,)), where

A is a finite set, an alphabet of the PCol automaton, its elements are called
objects;
— e is an environmental object, e € A;
— wg is a multiset over A—{e} defining the initial content of the environment;
— (04, P),1 <i<nisani-th agent, where
o O; is a multiset over A defining the initial content of the agent, |O;| = k;
e P, is a finite set of the programs, P; = T; UN;, T; N\ N; = 0; where every
program is formed from k rules of the following types:
* the tape rules (T-rules for short)

a5 b are called the rewriting T-rules, a,b € A;

- a & b are called the communication T-rules, a,b € A;
* the non-tape rules (N-rules for short)
- a — b are called the rewriting N-rules, a,b € A;
- a <> b are called the commumnication N-rules, a,b € A;
- r1/79 are called the checking N-rules, r1,rs are rewriting or com-
munication rules;
x T; is a finite set of tape programs (T-programs for short) consisting
from one T-rule and k — 1 N-rules;
x N; is a finite set of non-tape programs (N-programs for short) con-
sisting from k N-rules.

The configuration of the PCol automaton is the (n+2)-tuple (vr;vg; v, ...,
vn), where vp € A* the unprocessed (unread) part of the input string, vy €
(A —{e})" is a multiset of the objects different from the object e placed in the
environment of the PCol automaton and v;, 1 <1 < n is a content of the i-th
agent.

The computation starts in the initial configuration defined by the input string
w on the tape, the initial content of the environment wg and the initial content
of the agents O;,1 < i < n. The computation is performed similarly as in the
case of P colonies. When an agent looks for applicable program, it scans the set
of T-programs at first. If there is at least one applicable program, agent use one
of applicable programs. If there is no suitable T-program, agent proceed with
the set of N-programs. The current symbol on the input tape we consider as
read iff at least one agent uses its T-program in the particular derivation step.

The computation halts if no agent has any applicable program. The halting
configuration is accepting iff all symbols on the input tape are already read. In
such a case we can say that Pcol automaton accepts input word w if there exists
at least one accepting halting computation starting in the initial configuration
with w on the input tape.
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3 Pcol automaton controller with commands on the
input tape

The main advantage of using PCol automaton in the controlling robot behavior
is the parallel proceeding of the data done by very primitive computational units
using very simple rules.

Combining the modularity and the PCol automaton we obtain a powerful tool
to control robot behaviour. PCol automaton is a parallel computation device.
Collaterally working autonomous units sharing common environment provide
a fast computation device. Dividing agents into the modules allows us to com-
pound agents controlling single robot sensors and actuators. All the modules are
controlled by the main controlling unit. Input tape gives us an opportunity to
plan robot actions. Each input symbol represents a single instruction which has
to be done by the robot, so the input string is the sequence of the actions which
guides the robot to reach its goal; performing all the actions. In this meaning the
computation ends by halting, and it is successful if whole input tape is read. For
this purpose we use special symbol which marks the end of the actions. When
the last tape symbol is read, the controlling unit sends halting symbol to the
receptor modules, which stop their action. All the other modules will stop their
actions independently on the halting symbols, because they will not obtain any
other instruction from the controlling unit.

We construct a PCol automaton with capacity 2 and 7 agents. The agents are
divided into the four modules: Control unit contains two agents, Left actuator
controller and Right actuator controller, each contains one agent and Infra-red
receptor contains three agents. Entire automaton is amended by the input and
output filter. The input filter codes signals from the robots receptors and spread
the coded signal into the environment. In the environment there is the coded
signal used by the agents. The output filter decodes the signal from the environ-
ment which the actuator controllers sent into it. Decoded signal is forwarded to
the robots actuators.

If the program is formed from rules of the same kind we can write (ab — cd)
or (ab > cd) instead of {(a — ¢;b — d) or {a <> ¢;b <> d). Let us introduce the
formal specification of the mentioned PCol automaton. We will not present all
the programs entirely, but we focus on the individual sets of programs and their
functions.

We define Pcol automaton as follows:
II = (A,e, wEg, (01, Pl) PRI (O7,P7)), Where
A ={0.,0p,1,1g,€,Fp,Fp,F1,F, Fg, Fr,Gp,GL,GR, I,
ILuIR;MF)ML;MR;NFvNF7NL7NL7NR7NR7RT7WF7
WL;WR7WTaH}7
Wg = {6}

Let us descripe the meaning of the particular objects:




161

0r,0r Signal for the output filter - don’t move the left/right

17,1p &%?1%11. for the output filter - move the left /right wheel.

Fr,Fr,Fr Signal from the input filter - no obstacle in front/on the
left /right.

Np, N, Ng Signal from the input filter - obstacle in front/on the
left /right.

Fr,Fr,Fr Signal from the IR module to the control unit- no ob-
stacle in front/on the left/right.

Np,Np,Nr Signal from the IR module to the control unit- obstacle
in front/on the left/right.

Ip, I, Ig Signal from the control unit to the IR module - is there
an obstacle in front/on the left /right?

Mp, My, Mr Signal from the control unit to the actuator controllers
- move front, turn left/right.

Ry Signal from the actuator controllers to the control unit
- read next tape symbol.
H Halting symbol - the last symbol on the tape.

Remaining objects (Wg, Wi, Wg, G) are used for inner representation of the
actions and as the complementary objects.

Particular modules and agents which they contain are defined as follows:

Control unit: The control unit has two agents Bl and By with the initial
contents O; = eRp and Oy = eRp. They process the input string in parallel.
The first programs are designed for reading instruction from the input tape.

P : <Ry KN Mpg;e — e > - instruction “move front”;
< Rp KN My;e — e > - instruction “move left”;
< Rr KN Mpg;e — e > - instruction “move right”;
< Rp KN H;e — H > - instruction “halt”;

P <RTZ>MF;€—)IF>;
< Rt Z>]\4L;6—)IL >,
< Rt Z>MR;6—>IR >,
<Ry 5 Hje — H >;

The second agent generates the object to be send to infra-red modules. This
object has information about the next move the robot has to do. The following
programs are to send this object of type I, to the environment; « € {F, L, R}.
P <Il, e My — W, >

There are two different types of symbols which can appear in the environment
after some steps - F, the space in requested direction is free or N, there is
obstacle in requested direction. The agent Bs consumes the object and if the
object is of the type F, it generates the instruction for agent B; to generate
command for actuators.

Py: <W, > ejer Fr/e s Ny >;

<F,— Gge—e>;
<Ggre;e— Wrp >
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The object of type G, is processed by the agent B;. After consuming G,
it generates two objects M., the information for actuator module to generate
commands for wheels.

P :<e+ Gy My, — M, >;
< G M, — MM, >;
< M M, < ee >;
< ee—eWp >

When inside both agents there are objects W it means that agents have to
wait for execution of their command. It is performed before object Ry appears
in the environment. They are generated by actuator module after sending the
command for the wheels to the environment.

P <Wp —ee+ Rp >

Py: <Wp —ee<> Rp >

Now the control unit is prepared to read new symbol from the input tape.
If the symbol read from the input tape is H, both agents generate a pair of Hs.
These objects are needed for halting three agents in infra-red module.
Pi:<H—-HH~e>
Py: < HH < ee >

Infra-red unit: The infra-red module is composed from three agents with sim-
ilar programs. Each agent is to utilize object coming from the infra-red sensors
F,;x € {F, L, R}. Each one for one direction (F - front, L - left, R - right). The
initial content of all agents in infra-red module is ee - O; = ee;i = {3,4,5}. If
there is object F, or N, in the environment - comes from infra-red sensors, the
corresponding agent consumes it. It remakes the object F, or N,. If the control
unit needs information about situation in the direction x - object I, is present
in the environment. The infra-red unit exchange object F, or N, for I . If there
is no request from control unit, the agents shred the information (they rewrite
object F, or N, to e). If the object H appears in the environment each agent
consumes it preferably and the agent halts.

P,={<ew Hle+> Fye — Fy >;
<F, & LJF, — e By — e >;
<e<r Hle s Nye— N >;
< N, < I,/Ny, — e; N, — e >;
<Iye —ee;>}; i={3,4,5}

The left and right actuator controllers wait for the activating signal (M)
from the control unit. After obtaining the activating signal the controllers try
to provide demanded action by sending special objects - coded signal for the
output filter into the environment. When the action is performed successfully
the actuators send the announcement of the successful end of the action to the
control unit.

The left actuator controller:

O ={ e, e},

Ps ={<e+ Mp;e—= 1, > < Mp — Rp; 1 <> e >;
<e$> Mp;e—1p >; < Mg — Rp;1p <> e >;
<e<>Mp;e— 0 > < My — Rp;0p < e >;
< Rp <re;e—e >}
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The right actuator controller:

Or = { e, 6},

Py :{ <e> Mp;e—1p >; < Mp — Rp;1g <> e >;
<e<>rMp;e—>0p >; < Mrp — Rp;0p <> e >;
<e&rMpse—1g > < Mp — Rp;1lp & e >;
< Rp ¢<re;e— e >}

The robot driven by this very simple PCol automaton is able to follow the in-
struction on the tape safely without crashing into any obstacle. If the instruction
cannot be proceeded, the robot stops. This solution is suitable for known robots
environment. If the environment is changed before or during the journey and
the robot cannot reach the final place it will not crash, either. We consider the
computation as successful if the input string is processed and the robot fulfills
the last action. The computation is unsuccessful otherwise.

4 P colony robot controller

We construct a P colony with four modules: Controlling unit, Left actuator con-
troller, Right actuator controller and Infra-red receptor. Entire colony is amended
by the input and output filter. The input filter codes signals from the robots re-
ceptors and spread the coded signal into the environment. In the environment
there is the coded signal used by the agents. The output filter decodes the signal
from the environment which the actuator controllers sent into it. Decoded signal
is forwarded to the robots actuators.
Let us introduce the formal definition of the mentioned P colony:
I = (A,e, VE, (01, Pl) geue (05, P5) ,@), Where
A ={1p,1g,—11,—1g, AL, AR, F, Fp,Fo,FE, FY G, Ir, I, H, Hy, L, MF,
R, RFa RO; RE& Rg, Wz}
Ve = {e},
Let us describe the meaning of the particular objects:
17,—17 Signal for the output filter - move the left wheel for-
ward /backward.
1r,—1g Signal for the output filter - move the right wheel for-
ward /backward.
F,L,R Signal from the control unit to the actuator controllers - move
forward, turn left/right.
FE,RE Signal from the input filter - no obstacle in front/on the right.
F5,RE Signal from the input filter - obstacle in front/on the right.
Fr, Rr Signal from the IR module to the control unit - no obstacle in
front/on the right.
Fo,Ro Signal from the IR module to the control unit - obstacle in
front/on the right.
Ip,Ir Signal from the control unit to the IR module - is there an
obstacle in front/on the right?
G Maze exit.
H Halting symbol.
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Remaining objects (Ap, Agr, Hi,...) are used for inner representation of the
actions and as complementary objects.

Particular modules and agents which they contain are defined as follows:

Control unit: The control unit ensures the computation. It controls the be-
haviour of the robot, it asks the data from the sensors and it sends instructions
to the actuators by sending particular symbols to the environment. The con-
trolling unit contains set of programs which provides fulfilling set goal, in this
case pass through the maze using the right-hand rule. If the exit from the maze
is found; symbol G appears in the environment, the control unit releases into
the environment special symbol H, which stops the infra-red receptors and the
P colony stops and so the robot.

The control unit is realized by one agent B;. Initial content of the agent
is O1 = IpIgrW,;. At first the agent sends the request for information about
obstacles to the environment.

P < Iplg<ee; W, — W, >
Then the agent waits until it receive the answer form infra-red modules.

P < W;=W;ee o RpFr >; < W;—W;,ee < RoFp >;
< W;—=Wisee <> RoFo >; < W;—W;j;ee < RpFp >;

Based on the information about obstacles agent generates commands to ac-
tuator units and sends objects to the environment.

P, : < RoFpe—LLe >; < RpFre—RRMp >;
< RoFre—FFe>; < RpFpoe—RRMp >;

< LL+ree;e—e >; < RR«vee; Mp—Mp >;
< FF<ee;e—e >; < Mpee—FFe >

After emitting object F', L or R to the environment the content of the agent
is eee and agent Bj has to prepare for the next step. It consumes objects Ay,
and Ag - the information about successfully performed motion and consumes G
or e from the environment. If there is G on the environment, it means that the
robot finds the exit from the maze and computation can halt. If there is no G
in the environment, the control unit must generate new request.

Py: < eessApAp;e < Gle — e >;
< ApAgre — IpIgW; >;
< AL ARG—HHH >
< HH<+ee; H — Hy >

Control unit contains program which controls robots behaviour. According
to the data obtained from the IR module it sends instructions to the Actuator
controllers. It passes the maze using the right-hand rule until it finds symbol G
which represents exit from the maze. While it founds the exit the Control unit
releases symbol H into the environment which stops the computation.

The actuator controllers wait for the activating signal from the control unit.
After obtaining the activating signal the controllers try to provide demanded
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action by sending special objects - coded signal for the output filter into the
environment. When the action is performed successfully the actuators send the
announcement of the successful end of the action to the control unit, the an-
nouncement of the unsuccessful end of the action otherwise.

Left Actuator controller: Right Actuator controller:

Oy ={ e e, e}, O3 ={ e, e, e},

P, ={<eeF;e—1e—> Ap >; P; ={ <eeF;e—1lg;e— Ag >;
< F—e;lp < e; A < e > < F—e;lp <> e; AR < e >;
<eerRje — 1p5e — Ap > <e—>Rje — —1g;e — Ag >;
< R—e;lp &> e; AL < e > < R—e;—1p < e; Ag &> e >;
<ecLje— —1p;e — Ap >; <eeLje — 1gje — Ag >;
< L—e;—1p < ;AL <> e >} < L—e;lgp < e; A e >}

Right and left Actuator controllers wait for the activating signal from the
Control unit. According to signal they move the robot in required direction by
sending appropriate signal to the output filter.

The infra-red receptors consume all the symbols released into the environ-
ment by the input filter. It releases actual information from the sensors on de-
mand of the control unit. The infra-red receptors remove unused data from the
environment.

Front Infra-red module:

Oy ={ e,e e},

P, =/ <eHH/e<—>F£;ee—>eFF >
<e<r Hje < Ffiee = eFp >;
< Frp & IF/FF <~ e;Fgeﬁ ee >;
< Fo <+ Ip/Fo 5 e;Fhe — ee >;
< Iree — eee; >}.

Right Infra-red module:
O5 ={ e,e,e},
Py = <e<—>H/e<—>RI{Z;ee—>eRF >;
<e<r Hle < RE;ee — eRo >;
< Rp < Ir/Rp < e;R?e — ee >;
< Ro < Ir/Ro < e; REe — ee >;
< Ipee — eee; >1}.
Infra-red modules consume all the symbols send by the input filter into the
environment. They send actual data to the Control unit on demand.
Robot driven by this P colony is able to pass through simple mazes that are
possible to pass using the right-hand rule.

5 Experimental results

We have used the mobile robotics simulation software Webots for the implemen-
tation of our controller. Webots is a visualizing tool which allows us to work with
the model of robot and verify the functionality of our controller. The simulators
of the P colony and PCol automaton are written in the Java and they processes
text files with the specification of the P colony systems. The file contains initial
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content of the environment, the definition of the agents, including their rules and
initial content, and initial content of the input tape, eventually. Both of these
simulating tools are interconnected. That allows us to provide our experiments.

Simulator | Ervironments | Enwir. Generator | Controll
‘Actual tape:

=111t
Setting

Tape [tsttett |

lee ]

Sensors

1,0,0,0/ obstacle front

0,1,0,0 {obstacle left

0,0,1,0 { obstacle right

1,0,1,0 / obstacle front, right
1,1,0,0 / obstacle front, left
0,1,1,0 {obstacle right, left
1,1,1,0 / obstacle front, right, left

ihctual
ee |

son s

Fig. 1. Simulator environment

Fig. 2. Starting position Fig. 3. Ending position

To verify our concept we have provided following simulation. The robot,
namely the koala, was placed into the simulating environment in the grid shape
with the obstacles. According to the instructions on the input tape (see figure
1) the robot went through prepared maze (see figures 2, 3). All the instructions
on the tape were interpreted as performable so the robot went through the maze
with use of our controller.
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In the second experiment, it was used the P colony controller. A robot passed
the maze from the starting position to the final position using the right-hand
rule.

Both of the experiments suggest that using these types of controllers on real
robots is feasible. Parallel processing of the instructions and the cooperation
between the agents appear to be convenient with respect to the possible extension
of the controllers by new functions, i.e. by adding new modules.

6 Conclusion and future research

In this paper we have introduced two variants of the robot controller based on
the P systems, P colony and Pcol automaton.

We constructed Pcol automaton with seven agents with capacity two that can
follow the instructions written on the input tape.The Pcol automaton controller
is suitable for use in well-known environment, where the actions can be planned
accurately. Unexpected obstacle causes halt of the computation, the goal will
not be fulfilled, but the robot will not crash.

We also constructed P colony with five agents with capacity three for pass-
ing the maze using right-hand rule. The P colony controller is suitable for the
autonomous systems. The behaviour of the robot is given by the rules of the
control unit.

The further research can be in following such an idea to combine advantages
of both constructed models. Our idea is to construct Pcol automaton with a dy-
namically changing input tape because the receptors will write the information
here. One input symbol can be vector of inputs or we can precompute or filter
and scale the values. The active agents will be formed to layers, the first layer is
formed from agents that can read the current input symbol, the agents “control-
ling” behaviour of robot belong to the second layer. The last layer is composed of
agents generating output for actuators. The layers are formed from active agents
only. So the controlling layer can activate different agents in different situations
(guiding closer to the obstacle, avoiding the obstacle or touching and pushing
obstacle).

Remark 1. Article has been made in connection with project IT4Innovations
Centre of Excellence, reg. no. CZ.1.05/1.1.00/02.0070.

Research was also supported by project OPVK no. CZ.1.07/2.2.00/28.0014
and by projects SGS/24/2013 and SGS/6/2014 .
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Abstract. Multienvironment P systems are a general, formal framework
for modelling the dynamics of population biology, which consists of two
main approaches: stochastic and probabilistic. The framework has been
successfully used to model biologic systems at both micro (e.g. bacteria
colony) and macro (e.g. ecosystems) levels, respectively.

In this paper, we extend the general framework. The extension is made
by a new variant within the probabilistic approach, called Probabilistic
Guarded P systems (in short, PGP systems). We provide a formal
definition, a simulation algorithm to capture the dynamics, and a survey
of the associated software.

Keywords: Modelling Framework, Multienvironment P systems, Probabilistic
Guarded P systems

1 Introduction

Since P systems were introduced in 1998 [19], they have been utilised as a high
level computational modelling framework [10,20]. Their main advantage is the
integration of the structural and dynamical aspects of complex systems in a
comprehensive and relevant way, while providing the required formalisation to
perform mathematical and computational analysis [2].

In this respect, multienvironment P systems are a general formal framework
for population dynamics modelling in biology [7]. This framework has two ap-
proaches: stochastic and probabilistic. Stochastic approach is usually applied to
model micro-level systems (such as bacteria colonies), whereas the probabilistic
approach is normally used for macro-level modelling (real ecosystems, for ex-
ample). Population Dynamics P systems [2,16,17,3] (PDP systems, in short) are
a variant of multienvironment P systems, in the probabilistic approach. PDP
systems have been successfully applied to ecological modelling, specially with
real ecosystems of some endanger [6,3] and exotic species [3]. PDP systems have
shown to comply with four desirable properties of a computational model [2]:

169
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relevance (capture the essential features of the modelled system), computabil-
ity (inherent by P systems), understandability (objects and rules capture the
dynamics in a simple way), and extensibility (rule design is module-oriented).

In this paper, we introduce a brand new variant inside the probabilistic ap-
proach of multienvironment P systems: Probabilistic Guarded P systems (PGP
systems, for short). They are specifically oriented for ecological processes. PGP
systems are a computational probabilistic framework which takes inspiration
from different Membrane Computing paradigms, mainly from Tissue-like P sys-
tems [23], PDP systems [2] and Kernel P systems [12]. This framework aims for
simplicity, considering these aspects:

Model designers: In PGP systems, model designers do not need to worry
about context consistency. That is to say, they do not need to take into
account that all rules simultaneously applied in a cell must define the same
polarization in the right-hand side [16]. This is because the framework
centralizes all context changes in a single rule per cycle, rather than
distributing them across all rules. Therefore, there exist two types of rules:
context—changing rules and non context—changing rules. Due to the nature
of the model, only one of such rules can be applied at the same time on
each cell, so context inconsistency is not possible. Moreover, the fact that
the context is explicitly expressed in each cell and that cells do not contain
internal cell structures simplifies transitions between contexts without loss
of computational or modelling power.

Simulator developers: The fact that the framework implicitly takes care
of context consistency simplifies the development of simulators for these
models, as it is a non—functional requirement which does not need to be
supported by simulators. In addition, the lack of internal structure in cells
simplifies the simulation of object transmission; the model can be regarded
as a set of memory regions with no hierarchical arrangement, thus enabling
direct region fetching.

Probabilistic Guarded P Systems can be regarded as an evolution of
Population Dynamic P systems. In this context, PGP systems propose a
modelling framework for ecology in which inconsistency (that is to say, undefined
context of membranes) is handled by the framework itself, rather than delegating
to simulation algorithms. In addition, by replacing alien concepts to biology
(such as electrical polarizations and internal compartment hierarchies) by state
variables known as flags and defined by designers models are more natural to
experts, thus simplifying communication between expert and designer.

This paper is structured as follows. Section 2 introduces some preliminaries.
Section 3 shows the formal framework of multienvironment P systems, and
the two main approaches. Section 4 describes the framework of PGP systems,
providing a formal definition, some remarks about the semantics of the model,
and a comparison with other similar frameworks of Membrane Computing.
Section 5 provides a simulation algorithm, and a software environment based
on P-Lingua and a C++ simulator. Section 6 summarizes an ecosystem under
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study with PGP systems. Finally, Section 7 ends the paper with conclusions and
future work.

2 Preliminaries

An alphabet I' is a non—empty set whose elements are called symbols. An ordered
finite sequence of symbols of I" is a string or word over I'. As usual, the empty
string (with length 0) will be denoted by A. The set of all strings over an alphabet
I' is denoted by I'*. A language over I is a subset of I'*.

A multiset m over an alphabet I' is a pair m = (I, f) where f : I' - N
is a mapping. For each © € I' we say that f(z) is the multiplicity of the
symbol z in m. If m = (I, f) is a multiset, then its support is defined as
supp(m) = {x € I'| f(z) > 0}. A multiset is finite if its support is a finite
set. A set is a multiset such that the multiplicity of each element of its support,
is equal to 1.

If m = (I, f) is a finite multiset over I', and supp(m) = {a1,...,a;} then
it will be denoted as m = a{(al) e ag(ak) (here the order is irrelevant), and we
say that f(a1) + --- + f(ax) is the cardinal of m, denoted by |m|. The empty
multiset is denoted by (). We also denote by M (I") the set of all finite multisets
over I

Let my = (I, f1) and mo = (I, f2) multisets over I". We define the following
concepts:

— The union of my and ms, denoted by m; + ms is the multiset (I, g), where
g = f1+ fa, that is, g(x) = fi(x) + fa(z) for each x € I'.

— The relative complement of msg in mq, denoted by m; \ mq is the multiset
(I, g), where g = f1(z) — fa(z) if fi(z) > fo(x) and g(x) = 0 otherwise.

We also say that m; is a submultiset of ms, denoted by my C mo, if f1(z) < fo(z)
for each x € I

Let m = (I, f) a multiset over I" and A a set. We define the intersection
mNA as the multiset (I, g), where g(x) = f(x) for each x € I'N'A, and g(x) =0
otherwise.

3 Multienvironment P systems

Definition 1. A multienvironment P system of degree (q,m,n) with q¢ > 1,
m >1,n >0, taking T time units, T > 1, is a tuple

m
=G & puTn=> nj{I;|1<k<n;1<j<m}{4;|1<j<m} Rg)
j=1

where:

— G = (V,S5) is a directed graph. Let V = {e1,...,em} whose elements are
called environments;
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— I XY and @ are finite alphabets such that X ; I'and 'Nd =

— 1 18 a rooted tree with ¢ > 1 nodes labelled by elements from {1,...,q} %
{0,+,—}.

—n= Z;":l nj, with n; >0

— Foreachk (1 <k <nj;, 1<j<m) I, is a tuple (F,M,M’ij, ... ,M’;,j,Rj,im),
where:

e Foreachi, 1 <i<g, ij e M(I').

o R; is a finite set of rules of the type: u[v]® 2+ u'[v']¥, being u,v,u’,v' €
M), 1<i<gq, a,a/ €{0,4,—} and p is a real computable function
whose domain is {0,...,T}.

® i, is a node from .

Let us note that n; can be eventually 0, so that there would not exist any
Iy ; for such an environment j.

— Foreachj,1<j<m, f; € P and E; € M(X).

— RE is a finite set of rules among environments of the types:

(x)e_,- £> (yl)eh T (yh)e]‘h (Hk,j)ej & (Hk,j)ejl
{f} We, =5 (v)e,, {f} (w, e, = (v,9)e,

bejng'r7y17"'yh627 (ejaeji)es; ISJSmaISZSh; ISkSnmfmge
&, u,v € M(I') and p1,p2,ps,pa are computable functions whose domain is
{0,...,T}.

— Foreachj,1<j<m, A € M(XU®).

A multienvironment P system of grade (¢, m,n) can be viewed as a set of m
environments e1, ..., en, n systems Il ; of order g, and a set @ of flags, in such
a way that: (a) the links between the m environments are given by the arcs from
the directed graph Gj; (b) each environment has a flag from @ at any instant; (c)
all P systems have the same working alphabet, the same membrane structure and
the same evolution rules; (d) each environment e; contains several P systems,
Iy j, ..., I, ;, where each evolution rule has associated a computable function
pj, and each one of them has an initial multiset which depends on j. Furthermore,
inside the environments, only objects from the alphabet X can exist; that is,
there are symbols from the working alphabet that cannot circulate through the
environments.

A configuration of the system at any instant ¢ is a tuple whose components
are the following: (a) the flags associated with each environment at instant ¢
(initially fi,..., fm); (b) the multisets of objects present in the m environments
at instant ¢ (initially E1, ..., F.,); and (¢) the multisets of objects associated with
each of the regions of each P system IIj ; (initially ./\/llf’j, e ,./\/lf;’j), together
with the polarizations of their membranes (initially all membranes have a neutral
polarization).

We assume that a global clock exists, marking the time for the whole system,
that is, all membranes and the application of all rules (both from Rg and R)
are synchronized in all environments.
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The P system can pass from one configuration to another by using the rules
from R = Rg U U;n:l R;f as follows: at each transition step, the rules to be
applied are selected according to the probabilities assigned to them, and all
applicable rules are simultaneously applied.

A rule of the type u[v]* 5 u/[v/]¢ is applicable to a configuration at
any instant ¢ if the following is satisfied: in that configuration membrane
has polarization «, contains multiset v and its parent (the environment if the
membrane is the skin membrane) contains multiset u. When that rule is applied,
multisets u,v produce u',v’, respectively, and the new polarization is o’ (the
value of function p in that moment provide the affinity of the application of that
rule). For each j (1 < j < m) there is just one further restriction, concerning the
consistency of charges: in order to apply several rules of Rf simultaneously to
the same membrane, all the rules must have the same electrical charge on their
right-hand side.

A rule of the environment of the type (), RATN (Y1)ej,  (Un)e;, 18
applicable to a configuration at any instant ¢ if the following is satisfied: in that
configuration environment e; contains object . When that rule is applied, object
x passes from e; to ej,,...,e; possibly transformed into objects yi,...,yn,
respectively (the value of function p; in that moment provide the affinity of the
application of that rule).

A rule of the environment of the type (Il ;)e, REN (le‘)ej/ : is applicable to
a configuration at any instant ¢ if the following is satisfied: in that configuration
environment e; contains the P system I7j, ;. When that rule is applied, the system
II}, ; passes from environment e; to environment e; (the value of function p, in
that moment provide the affinity of the application of that rule).

A rule of the environment of the type {f} (u)c, RN (v)e,,» where ej, can
be equal to e; or not, is applicable to a configuration at any instant ¢ if the
following is satisfied: in that configuration environment e; has flag f and contains
the multiset u. When that rule is applied multiset u produces multiset v and
environment e; keep the same flag. This kind of rule can be applied many times
in a computation step. The value of function p3 in that moment provide the
affinity of the application of that rule.

A rule of the environment of the type {f} (u, f)e; 24 (v, g)e; is applicable to
a configuration at any instant ¢ if the following is satisfied: in that configuration
environment e; has flag f and contains the multiset . When that rule is applied
multiset v produces multiset v and flag f of environment e; is replaced by flag
g. Bearing in mind that each environment only has a flag in any instant, this
kind of rules can only be applied once in any moment.

Next, we depict the two approaches (stochastic and probabilistic) for
multienvironment P systems.

3.1 Stochastic approach

We say that a multienvironment P system has a stochastic approach if the
following holds:
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(a) The alphabet of flags, @, is an empty set.

(b) The computable functions associated with the rules of the P systems are
propensities (obtained from the kinetic constants) [22]: These rules is
function of the time but they do not depend on the environment.

(c) Initially, the P systems II;; are randomly distributed among the m
environments of the system.

Multicompartmental P systems Multicompartmental P systems are
multienvironment P systems with a stochastic approach which can be formally
expressed as follows:
m
= (GIXTn=> nj{ll;|1<k<n;1<j<m}{E|1<j<m},Rpg)
j=1

These systems can be viewed as a set of m environment connected by the arcs of
a directed graph G. Each environment e; only can contains P systems of the type
II, ;. The total number of P systems is n, all of them with the same skeleton.
The functions associated with the rules of the system are propensities which are
computed as follows: stochastic constants are computed from kinetic constants
by applying the mass action law, and the propensities are obtained from the
stochastic constants by using the concentration of the objects in the LHS at any
instant. In these systems there are rules of the following types:

1. ufv]® AN u’[v’]?/
2. (2)e, = (Y1)ey, +* Wn)ey,
3. (Hkyj)ej & (Hk.,j)ej/

The dynamics of these systems is captured by the multicompartmental Gille-
spie’s algorithm [22] or the deterministic waiting time [4]. Next, some practical
examples of multicompartmental P systems applications are highlighted: Quo-
rum sensing in Vibrio Fischeri [24], gene expression control in Lac Operon [25],
and FAS-induced apoptosis [4]. A software environment supporting this model
is Infobiotics Workbench [1], which provides (in version 0.0.1): a modelling lan-
guage, a multi-compartmental stochastic simulator based on Gillespie’s Stochas-
tic Simulation Algorithm, a formal model analysis, and a structural and param-
eter model optimisation.
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3.2 Probabilistic approach

We say that a multienvironment P system has a stochastic approach if the
following holds:

(a) The total number of P systems II;; is, at most, the number m of
environment, that is, n < m.
(b) Functions p, associated with rule r = wu[v]® X% o/[v/]¢" from [T}, are

probability functions such that for each u,v € M(I'), i € {1,...,q},

a € {0,4, -1}, if r1,...,7, are the rules in Ré? whose LHS is u [ v |#, then
z

Zp,,j (t)=1, foreacht (1<t <T).

j=1

(c) Functions p; associated with the rules of the environment (z)e, 2
(Y1)ej, (yh)ejh are probability functions such that for each x € X' and
each environment e;, the sum of all functions associated with the rules whose
LHS is (z)e;, is equal to 1.

(d) Functions py associated with the rules of the environment (Il ;)e, 22
(H;w')ej, are constant functions equal to 0; that is, these rules will never
be applied.

(e) Functions ps associated with the rules of the environment {f} (u)e, RN

(v)e;, are probability functions.

(f) Functions p4 associated with the rules of the environment {f} (u, f)e; LN

(v,9)e, are constant functions equal to 1.

(g) There exist no rules u[v]¢ =+ u/[v/]¢’ in the skin membrane of ITj ; and

3 K3
rules of the environment (), 2, (Y1)e;, =~ (Yn)e;, such that x € u.
(h) Initially, each environment e; contains at most one P system [T} ;.

oj0 oj0

N

B0 Ef

Population Dynamics P systems (PDP) Population Dynamics P systems
are multienvironment P systems with a probabilistic approach such that the
alphabet @ of the flags is an empty set and n = m, that is, the environment
has not any flag and the total number n of P systems are equal to the number
m of environments. Then in a PDP system II each environment e; contains
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exactly one P system I j, which will be denoted henceforth by II;; that is,

In these systems there are rules of the following types:

1. ufv]® 2, u’[v’]?'
2. (x)ej & (yl)ejl e (yh)ejh

Let us recall that in this kind of systems each rule has an associated
probability function that depends on the time and on the environment where
the rule is applied.

Finally, in order to ease the understandability of the whole framework, Figure
1 shows a graphical summary of multienvironment P systems and the two
approaches (stochastic and probabilistic).

O e

2 @), " )es, - (U)o,
@) () e; ——(Tk)e,,

@H{f} (w)e; _L)(U)e,-/
SIS} (0 f)ey — (v, 9)e,

P systems

Fig.1: The formal framework of Multienvironment P systems

Some practical examples of using PDP systems on the modelling of real
ecosystems are: the Bearded Vulture at the Pyrenees (Spain) [6,3], the Zebra
mussel at the Ribarroja reservoir (Spain) [3], and the Pyrenean Chamois [5]. A
simple example of modelling pandemics dynamics can be seen in [2].

The dynamics of these systems is captured by the Direct Non-deterministic
Distribution algorithm with Probabilities (DNDP) algorithm [17], or the Direct
distribution based on Consistent Blocks Algorithm (DCBA) [16]. DNDP aims
to perform a random distribution of rule applications without using the concept
of rule block, but this selection process is biased towards those rules with
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the highest probabilities. DCBA was first conceived to overcome the accuracy
problem of DNDP, by performing an object distribution along the rule blocks,
before applying the random distribution process. Although the accuracy achieved
by the DCBA is better than the DNDP algorithm, the latter is much faster. In
order to improve the performance of simulators implementing DCBA, parallel
architectures has been used [15]. For example, a GPU-based simulator, using
CUDA, reaches the acceleration of up to 7x, running on a NVIDIA Tesla C1060
GPU (240 processing cores). However, these accelerated simulators are still to be
connected to those general environments to run virtual experiments. Therefore,
P-Lingua and pLinguaCore are being utilised to simulate PDP systems [2,11].
The provided virtual experimentation environment is called MeCoSim [21], and
it is based on P—Lingua.

4 Probabilistic Guarded P systems (PGP)

Probabilistic Guarded P systems are multienvironment P systems with a
probabilistic approach such that n = 0, that is, there is no P systems II} ;
(so the alphabet I' can be considered as an emptyset), and the alphabet of the
flags, &, is a nonempty set such that every environment has a unique flag in the
initial configuration.

Definition 2. A Probabilistic Guarded P system (PGP system, for short) of
degree m > 1 is a tuple I = (G, X, ®,T,{A; |1 < j <m},Rg), where:

— G =(V,S) is a directed graph whose set of nodes is V.= {e1,...,em}.

— X and @ are finite alphabets such that ¥ N® = (). Elements in X are called
objects and elements in @ are called flags.

— Foreachj,1<j<m, Aj = E;U{f;}, with f; € P and E; € M(X). Thus,
from now on, we “represent” A; by the pair (f;, E;).

— RE is a finite set of rules of the following types:

o {f}(u)e, = (v)e;, withu,v € M(Y), fe®andl<j,jr <m.

o {1} ey = (0 9)e, with u,v € M(Y), fged and 1< j <m.
There are no rules of types {f} (u, fle; — (v,9)e; and {f} (u)ej—>(v)ej1,
for fe®d, 1<j,j1 <manduec M(X)).

For each f € & and j,1 < j < m, there exists only one rule of type
{f} (u, fle; = (v,9)e; -

— The arcs of graph G = (V, S) are defined from Rg as follows: (ej,ej,) € S if
and only if there exists a rule of the type {f} (u)e;, = (V)e,,, or j = j1 and
there exists a rule of the type {f} (u, f)e, — (v, 9)e, -

— FEach rule from Rg has an associated probability, that is, there exists a
function pr, from Rg into [0,1], such that:

e Foreach f € d,u e M(X),1<j<m,ifry,...,rs are rules of the type

{f} (u)ej — (v)eh; then 22:1 PRE (7“5) =1
o Ifr={f}(ufle; = (u,9)e,;, then pry(r) = 1.
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A Probabilistic Guarded P system can be viewed as a set of m environments,
called cells, labelled by 1,...,m such that: (a) E4,..., E,, are finite multisets
over X representing the objects initially placed in the cells of the system; (b)
fis---, fm are flags that initially mark the cells; (¢) G is a directed graph whose
arcs specify connections among cells; (d) Ry is the set of rules that allow the
evolution of the system and each rule r is associated with a real number pg (1)
in [0,1] describing the probability of that rule to be applied in the case that it
is applicable. That is to say, each rule r has a probability pr,(r) to be applied
at an instant ¢ for each possible application of r at such an instant. I" and n are
omitted, as they are I' = and n = 0, respectively.

In PGP systems, two types of symbols are used: objects (elements in X') and
flags (elements in @). It can be considered that objects are in cells and flags are
on (the borderline of) cells.

4.1 Semantics of PGP systems

Definition 3. A configuration at any instant t > 0 of a PGP system II is
a tuple Cy = (T1,U1, ..., T, Uy) where, for each i, 1 < i < m, z; € ¢ and
u; € M(X). That is to say, such a configuration is described by all multisets of
objects over X associated with all the cells present in the system and the flags
marking these cells. (f1,F1,..., fm, Fm) is said to be the initial configuration
of II. At any instant, each cell has exactly one flag, in a similar manner to
polarizations in cell-like P systems.

Definition 4. A rule r of the type {f} (u); — (v); is applicable to a configura-
tion Cy = (T1, U1, .« . T,y W) if and only if z; = f and u C wy, for all1 <i < m.

When applying v to Cy, objects in u are removed from cell i and objects in
v are produced in cell j. Flag f is not changed; it plays the role of a catalyst
assisting the evolution of objects in u.

Definition 5. A rule r of the type {f} (u, f)i = (v,9); 1 <i < m is applicable
to a configuration Cy = (x1,U1, ... Tm,Um) if and only if x; = f and u C u;.

When applying v to Cy, in cell i objects in u are replaced by those in v and f
s replaced by g. In this case, flag f is consumed, so r can be applied only once
in instant t in cell 1.

Remark 1. After applying a rule r of the type {f} (u, f); = (v, g);, other rules
r’ of the type {f} (u); — (v); can still be applied (the flag remains in vigor).
However, f has been consumed (in the same sense that an object x € X' is
consumed), so no more rules of the type {f} (u, f); = (v, g); can be applied.

Definition 6. A configuration is a halting configuration if no rule is applicable
to it.
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Definition 7. We say that configuration Cy yields configuration Cy in a
transition step if we can pass from Cy to Cy by applying rules from Rg in
a non—deterministic, maximally parallel manner, according to their associated
probabilities denoted by map pr.. That is to say, a maximal multiset of rules
from Rg is applied, no further rule can be added.

Definition 8. A computation of a PGP system II is a sequence of configura-
tions such that: (a) the first term of the sequence is the initial configuration of
II, (b) each remaining term in the sequence is obtained from the previous one
by applying the rules of the system following Definition 7, (c) the sequence will
have, at most, T + 1 terms. That is, we consider that the execution of a PGP
system will perform, at most, T steps.

4.2 Comparison between PGP systems and other frameworks in
Membrane Computing

Probabilistic Guarded P systems (PGP systems) display similarities with other
frameworks in Membrane Computing. For example, P systems with proteins on
membranes [18] are a type of cell-like systems in which membranes might have
attached a set of proteins which regulate the application of rules, whilst in PGP
systems each cell has only one flag. Therefore, some rules are applicable if and
only if the corresponding protein is present.

When comparing PGP systems and Population Dynamics P systems [2], it is
important to remark the semantic similarity between flags and polarizations, as
they both define at some point the context of each compartment. Nevertheless,
as described at the beginning of this paper, upon the application of a rule
r={f}(u, f)i = (v,g9); flag f is consumed, thus ensuring that r can be applied
at most once to any configuration. This property keeps PGP transitions from
yielding inconsistent flags; at any instant, only one rule at most can change
the flag in each membrane, so scenarios in which inconsistent flags produced
by multiple rules are impossible. Moreover, in PDP systems the number of
polarizations is limited to three (+, - and 0), whereas in their PGP counterpart
depends on the system itself. Finally, each compartment in PDP systems contains
a hierarchical structure of membranes, which is absent in PGP systems.

5 Simulation of PGP systems

When simulating PGP systems, there exist two cases, according to if there exists
object competition or not. In this work, only algorithms for the second case are
introduced, but some ideas are given to handle object competition among rules
in the model, and kept for future developments.

5.1 Some definitions on the model

The following concepts defined for PGP systems are analogous to those described
in [16], but adapted to the syntax of PGP systems.
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Remark 2. For the sake of simplicity, henceforth the following notation will be
used. For every cell i ;1 <1i < m, and time ¢ ,0 < t < T, the flag and multiset of
cell ¢ in step t are denoted as x;; € ¢ and u;, € M(X), respectively. Similarly,
|uly, where u € M(X), y € X denotes the number of objects y in multiset w.

Definition 9 shows the notation regarding the left-hand and right-hand sides
of rules.

Definition 9. For each rule r € Re:

Type 1: If r is of the form r = {f} (u); = (v);, we denote the left-hand side
of r (LHS(r)) as LHS(r) = (3, f,u) and the right-hand side of r (RHS (1))
as RHS(r) = (4, f,v).

Type 2: If r is of the form r = {f} (u, f); — (v,9);, we denote the left-hand
side as LHS(r) = (i, f,u, f) and the right-hand side as RHS(r) = (i,g,v).

Let us recall that for each i ,1 < i < m and f € &, there exists a unique rule
of type 2:r = {f} (’U,, f)’L - (vvg)i~

Next, Definition 10 introduces the concept of rule blocks in PGP systems,
which is inspired by the one used in PDP systems [16].

Definition 10. For each 1 <i<gq, f € ®, and u € M(X), we will denote:

— The block of communication rules B} g ={r € R LHS(r) = (i, f,u)};
that is, the set of rules of type 1 havmg the same left-hand side.
— The block of context—changing rules Bff = {r € R : LHS(r) =
(i, fyu, f)}; that is, the set of rules of type 2 having the same left-hand side.
B} N B? 't = 0. Tt is important to recall that, as it is the case in PDP
systems, the sum of probabilities of all the rules belonging to the same block is
always equal to 1 — in particular, rules with probability equal to 1 form individual
blocks. Consequently, non—empty blocks of context—changing rules (type 2) are
composed of single rules. In addition, rules with overlapping (but different) left—
hand sides are classified into different blocks.

Definition 11. For eachi,1 < i < m, we will consider the set of all rule blocks
associated with cell i as B; = { B} o Bi fu cfedAhue M(E)}.

We will also consider a total order in B;, for 1 < i < m, B; =
{Bi1,Bi2,...,Bia,}. Therefore, there are o; blocks associated to cell i.

Furthermore, let B; ;, 1 <7 <m, 1 < j < o; be a block associated to cell 1.
We define the following notations:

— Type(B; ;) is equal to:

o 1,if 3f € &, u € M(X) such that B, ; = Blfu

e 2,if 3f € &,u € M(X) such that B, ; Blﬁ
— Flag(B; ;) = f,if 3k(1 <k <2)A3Jue M(X) such that B, ; = Bﬁf)u
— Mult(B; ;) = u,if 3k(1 <k <2)A3f € P such that B; ; = Bf’f’u
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In addition, for each block B;;, 1 <4 < m and 1 < j < «, associated to
cell 4, we consider a total order in its set of rules: B; ; = {ri,jﬁl, ... ,rw,hw.}7
where h; ;(1 <i <m, 1 <j < q;) denotes the number of rules in block B; ;.
Obviously, all the rules of a block are of the same type.

Definition 12. A PGP system is said to feature object competition, if there
exists at least two different blocks B; j and B; j (possibly of different type), such
that Flag(B; j) = Flag(B; ), and Mult(B; ;) N Mult(B; j:) # 0. That is, their
rules have overlapping (but not equal) left-hand sides.

Remark 3. Tt is worth noting that all rules in the model can be consistently
applied. This is because there can only exists one flag f € @ at every membrane
at the same time, and, consequently, at most one context—changing rule r =
{f} (u, f)i = (v, g); can consume f and replace it (where possibly f = g).

Definition 13. Given a block B;f)u or Bi2,f,u7 where u € M(X), f € D,

1 < i < m and a configuration C, = {x1,u1,...,Tm,Um}, 0 < t < T, the
maximum number of applications of such a block in Cy is the maximum times
that each one of its rules can be applied in Cy.

5.2 Simulation Algorithm

Next, we define some auxiliary data structures to be used in the simulation
algorithms.

NBA (Number of Block Applications): a matrix of integer numbers of
dimension mx Ny, where Ngyr = max(q; | 1 < i < 'm) (maximum number
of blocks for all cells). Each element NBA;;, 1 <i<m, 1 <j < Npy
stores the number of applications of block B; ;.

NRA (Number of Rule Applications): a matrix of integer numbers of
dimension m x Npa X Ngra, where Npy = max(h; ), 1 <i<m, 1 <
j < «@; (maximum number of rules for all blocks in all membranes). Each
element NRA; j 1, 1 <i<m, 1 <j<a; 1< k< by, stores the number
of applications of rule 7; ; i, identified by its cell, block and local identifier
inside its block, according to the established total order.

The algorithm for simulation of PGP systems receives three parameters:

— The PGP system II of degree m.

— The integer number 7 > 0 (number of time steps).

— An integer number K > 0 (random accuracy). It indicates for how many
cycles block applications are assigned among their rules in random fashion.
That is, the algorithm distributes the applications of each block among its
rules for K cycles, and after that, block applications are maximally assigned
among rules in a single cycle. Therefore, the greater K is, the more accurate
the distribution of rule applications for each block becomes, but at the
expense of a greater computational cost. It is used as an accuracy parameter
for the probabilistic method. Algorithm 5.4 performs this function.
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When simulating PGP systems without object competition, it is not
necessary to randomly assign objects among blocks; as they do not compete
for objects, then the number of times that each block is applied is always equal
to its maximum number of applications. As it is the case of DCBA for PDP
systems [16], the simulation algorithm heavily relies on the concept of block,
being rule applications secondary. However, DCBA handles object competition
among blocks, penalizing more those blocks which require a larger number of
copies of the same object which is inspired by the amount of energy required to
join individuals from the same species. On the other hand, object competition is
not supported on the proposed algorithm. Algorithm 5.1 describes a simulation
algorithm for PGP systems without object competition.

Algorithm 5.1 Algorithm for simulation of PGP systems
Input:

— T': an integer number T' > 1 representing the iterations of the simulation.

— K: an integer number K > 1 representing non-maximal rule iterations (i.e.,
iterations in which the applications selected for each rule do not necessarily need
to be maximal).

- II1=(G,X,9,T,{(f;,E;)|1 <7 <m},Rg): a PGP system of degree m > 1.

1: Initialization (IT)

2: fort <+ 1to T do > See Algorithm 5.2
3 C{ — Ci—q

4 SELECTION of rules:

5: PHASE 1: Objects distribution (Cy) > See Algorithm 5.3
6: PHASE 2: Rule application distribution (Cj) > See Algorithm 5.4
7 EXECUTION of rules:

8 PHASE 3: Object production (C}) > See Algorithm 5.5
9 Cy + C{

10: end for

On each simulation step ¢, 1 <t < T and cell i, 1 < i < m, the following
stages are applied: Object distribution (selection), Rule application distribution
(selection) and Object generation (execution).

However, before starting the simulation process, we must initialize some
data structures. In Initialization (Algorithm 5.2), the initial configuration Cj
is constructed with the input PGP system II. Moreover, the information about
blocks are created; that is, the blocks of rules are computed, and ordered for
each cell. Moreover, the rules inside each block are also ordered. Finally, the
data structures NBA and NRA are initialized with zeros.

In the Object distribution stage (Algorithm 5.3), objects are distributed
among blocks. As the system to simulate does not feature object competition,
the number of applications of each block is its maximum. Then, objects are
consumed accordingly. It is in this stage that the flag checking for each block
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Algorithm 5.2 Initialization
Input: [ = (G, 2,0, T, {(f;, E;)|1 <j<m},RE)

1: Co+{f1,Er ..., fm,Em} > Initial configuration
2: for 1 < 1 to m do > For each cell
3: B; + ordered set of blocks formed by rules of R associated with cell ¢

4: a; < |Bil > Number of rule blocks
5: for j < 1 to a; do > For each block associated with the cell
6: B; j < ordered set of rules from jth block in B;.

7: hi; < |Bi,jl > Number of rules within the block
8: NBA,; <0 > Initially, all blocks applications are 0
9: for k < 1 to h;; do > Initially, all rule applications are 0
10: NRAiyjyk +~—0
11: end for
12: end for
13: end for

is performed. Moreover, blocks of type 2 (context—changing rules) consume and
generate the new flag.

Algorithm 5.3 Phase 1: Object distribution among blocks

Input: C; = {@1,t, U1ty Tm,t, Um,t +

1: for i < 1 tom do > For each cell
2: for j < 1 to a; do > For each block associated with the cell
3: if Flag(B;,;) = =i+ then

4: if Type(B;,;) = 1 A Mult(B; ;) C u; then

5: NBA; ; + min(\_mj z€eX) > Maximal application
6: Uit < Uiy — NBA; ;- Mult(B;,5) > Update the configuration
7 end if

8: if Type(B;,;) = 2 A Mult(B; ;) C u; then

9: NBA; ; + 1 > Just one application
10: Zit + g, being RHS(r; ;1) = (i,9,v) with B; ; = {ri j1} > Update

cell flag

11: Uit < Uiy — NBA; ;- Mult(B;,5) > Update the configuration
12: end if
13: end if
14: end for
15: end for

Next, objects are distributed among rules according to a binomial distribu-
tion with rule probabilities and maximum number of block applications as para-
meters. This algorithm is composed of two stages non-mazimal and mazimal
repartition. In the non—maximal repartition stage, a rule in the block is randomly
selected according to a uniform distribution, so each rule has the same proba-
bility to be chosen. Then, its number of applications is calculated according to
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an ad—hoc procedure based on a binomially distributed variable Binomial(n, p),
where n is the remaining number of block applications to be assigned among its
rules and p is the corresponding rule probability. This process is repeated a num-
ber K of iterations for each block B; ;,1 <i < m,1 < j < a;. We propose this
procedure to simulate a multinomial distribution, but it could be easily inter-
changeable by another one. Algorithm 5.4 describes this procedure. If, after this
process, there are still applications to assign among rules, a rule per applicable
block is chosen at random and as many applications as possible are assigned to
it in the maximal repartition stage. An alternative approach would be to imple-
ment a multinomial distribution of applications for the rules inside each block,
such as the way that it is implemented on the DCBA algorithm [16]. A method
to implement a multinomial distribution would be the conditional distribution
method, which emulates a multinomial distribution based on a sequence of bino-
mial distributions [9]. This would require to normalize rule probabilities for each
rule application distribution iteration. This approach has also been tested on
the simulation algorithm, but was discarded because it tends to distribute too
few applications in the non-maximal repartition stage, thus leaving too many
applications for the rule selected in the maximal repartition one.

Algorithm 5.4 Phase 2: Rule application distribution

Input: Cf = {T1,t, Ut t, -, Tty Um,t }
for £+ 1 to K do > Non-maximal repartition stage
for i < 1 to m do
for j + 1 to a; do

L+ Uniform{1,...,hi;} > Select a random rule 7; ;; in Block B; ;
Inrap < Binomial(NBA; ;,pr(ri ;1))
NRA; ;i < NRA; ;i + Inrap > Update rule applications
NBA;; < NBA;; —Inrap
end for
end for
end for
for i < 1 tom do > Maximal repartition stage

for j «+ 1 to a; do
I+ Uniform{l,... hi;}
NRAL]"[ < NRALJ'J + NBAZ'J'
NBAZ'J +~—0
end for
end for

Lastly, rules produce objects as indicated by their right—hand side. Each rule
produces objects according to its previously assigned number of applications.
Algorithm 5.5 describes this procedure.

The algorithm proposed in this paper works only for models without object
competition. This is because the models studied so far (such as the Pieris
oleracea model to be mentioned on Section 6) did not have object competition,
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Algorithm 5.5 Phase 3: Object production

for i +— 1 to m do > For each cell
for j < 1 to a; do > For each block associated with the cell
for k < 1 to h;; do > For each rule belonging to the block
Uiyt < Uit + NRA; j i - v, where RHS(r; ;1) = (¢, f',v)
NRA; ;i + 0
end for
end for
end for

so this feature was not required. However, it might be interesting to develop
new algorithms supporting it. They would be identical to their counterpart
without object competition, solely differing in the protocol by which objects
are distributed among blocks. As an example, it would be possible to adapt the
way in which objects are distributed in the DCBA algorithm [16].

5.3 Software environment

This section provides an overview of the developed simulators, the P—Lingua
extension, and the GUI for PGP systems.

Simulators A simulator for PGP systems without object competition has been
incorporated on P-Lingua [11]. In addition, a C++ simulator for PGP systems
(namely PGPC++) has also been implemented. The libraries used for random
number generation are COLT [26] in the P-Lingua simulator, and standard
std::rand [27] for PGPC++. In the latter, the facilities provided by std::rand are
directly used. These libraries provide a wide range of functionality to generate
and handle random numbers, and are publicly available under open source
licenses.

P-Lingua extension In order to define PGP systems, P-Lingua has been
extended to support PGP rules. Specifically, given f,g € @, u,v € M(X), 1 <
1,7 <m, p=pr(r), rules are represented as follows:

{f}(w); B (v);, =0guard f ?[ul’i --> [v]’] :: p;
{f}(u, f)i = (v,9); =0guard f ?[u,f1’% -=> [v,g9]1’% :: 1.0;

In both cases, if p = 1.0, then : : p can be omitted. If i = j, then {f} (u); % (v);
can be written as @guard f ?[u --> vl’% :: p;. Likewise, {f} (u, f); —
(v,9); can always be written as @guard f ?[u,f --> v,g91’%;.

Further additional constructs have been included to ease parametrization of P
systems. The idea is to enable completely parametric designs, so as experiments
can be tuned by simply adjusting parameters leaving modifications of P-Lingua
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files for cases in which changes in semantics are in order. This extension is going
to be released on the next version of P—Lingua.

In addition, two new formats have been integrated into P-Lingua. These
formats (XML-based and binary) encode P systems representing labels and
objects as numbers instead of strings, so they are easily parsed and simulated
by third—part simulators such as PGPC++.

A graphical environment for PGP systems MeCoGUI is a new
Graphical User Interface (GUI) developed for the simulation of PGP systems.
MeCoSim [21] could have been used instead. However, in the environment in
which the simulators were developed there exist some pros and cons on this
approach versus and ad—hoc simulator.

MeCoSim is an integrated development environment (IDE). That is to say, it
provides all functionality required for the simulation and computational analysis
of P systems. To define the desired input and output displays, it is necessary to
configure a spreadsheet by using an ad-hoc programming language. However, it
would entail teaching this language to prospective users, who can be proficient
in any other statistic programming language instead, such as R. In this sense, a
more natural approach for them is to develop a GUI in which users can define
input parameters and results analysis on R.

To do so, the developed GUI takes as input a P system file on P-Lingua
format and a CSV file encoding its parameters, and outputs a CSV file which
contains simulation results. This way, users can define inputs and analyse
outputs on their programming language of choice. CSV is a widespread, simple
and free format with plenty of libraries for different languages. This flexibility
comes at the cost concerning that the developed GUI is not an IDE, as input
parameters and simulation analysis cannot be directly input and viewed on the
GUI. Rather, it is necessary to develop applications to generate and process
these CSV files which depend on the domain of use. In some simulators (such
as PGPC++), the output CSV files represent labels and objects as integers,
but this application includes a button to translate output files from PGPC++
into string—representative file formats. Figure 2 displays the main screen of this
application.

MeCoGUI can also translate P systems into machine-readable formats, such
as those read by PGPC++. Finally, it is important to remark that these
applications play the role of domain-specific spreadsheets on MeCoSim, so
MeCoGUI can simulate any type of P system supported by P-Lingua. This
is because only external applications for input data and simulation processing
depend on the domain, not MeCoGUI itself, which is general for any type of P
system.

6 Applications of PGP systems

A model of the ecosystem of the white cabbage butterfly (Pieris oleracea) [8],
based on PGP systems, is a currently ongoing project. Such a species is suffering
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&l =SHEn X

File Simulators Outputformats

WModel File Route: Gl Documentsiol Number of cycles  [000] Translate results
Data File Route:  C:\. Documents\O Steps percycle 82 m
Results File Route: Humber of simulations| 000] Take Step

Report File Route:

simulator  guard_based_simplified

Clear consoles

Simulation Console

Info console | Warning console | Error console |
M0 ACOING U1 G=+0813,3, 133 7 [08ML3.3, 15, CUNTENT_VEaTL T, CIOCK 10313~ [08ML3.4), CUTTeN Year), CoCk I3 = 10 =
Info: Adding rule: g=+gen{33,21 ? [oen{33.23, current_year{2}, clock{10312 > [oen{34), current year(3}, clock{1}12 = 1.0 B
Info: Adding rule: {=+gen{3,3,21} ? [oen{33.2}, current_year(2}, clock{10}13 — [oen{34), current year(3}, clock{1}]3 = 1.0

Info: Adding rule: §=+gen(3,3,3} ? [gen{3.3 3}, current_year{3}, clock{10}]2 > [gen{3 41, current_year{4}, clock{ 12 - 1.0

Info: Adding rule: §=+0en(3,2,33 2 [0en{3.3 3}, current_year(3}, clock{10}13 > [gen{3 41, current yeari4}, clock{ I3 = 1.0

Info: Adding rule: I=+gen(3,2,43 ? [08n{3,2 43, current_year(4}, clock{10}]2 > [gen{3.4], current year(s}, clocki 121 1.0

Info: Adding rule: {i=+gen{3,3 43} ? [gen{; current_year{4}, clock{10}]3 —> [gen{3,4}, current_year(s}, clock{1}]2 - 1.0

Info: Adding rule: {i=+gen(3,3 53} ? [gen{: current_year{5}, clock{10}]2 —> [gen{3,4}, current_year(6}, clock{1}2 - 1.0

Info: Adding rule: {i=+gen(3,3 53} ? [gen{; current_year{5}, clock{10}]3 —> [gen{3,4}, current_year{6}, clock{1}]3 - 1.0

Info: Adding rule: {/=+gen{3,3 63} ? [gen{3,3 6}, current_year{s}, clock{10}]2 —> [gen{3 4}, current_year{7}, clock{1}]2 :: 1.0

Info: Adding rule: Z=+gen{33,6% 7 [oen{33 83, current_year(5}, clock{10313 ~> [gen{3.4), current year(7}, clock{ 1113 = 1.0

Info: Adding rule: g=+gen{33.73} 2 [oen{33.73, current_year{7}, clock{10}12 > [oen{34), current year(s}, clock{1}12 = 1.0

Info: Adding rule: {/=+gen{33.7}} ? lgen{3,3 71, current_year{7}, clock{10]I3 > [gen(34), current_year(8}, clock{1}/3 1.0

Info: Adding rule: §=+gen(3,3 8} ? [gen{3.3 83, current_year{8}, clock{10}]2 — [gen{3 41, current_year(8}, clock{T}[2 - 1.0

Info: Adding rule: §=+0en(3,2,8%} ? [0en{3.3 83, current_year(8}, clock{10}13 > [gen{3 41, current year), clock{TiI3 = 1.0

Info: Adding rule: §=+gen(3,2,93} ? [gen{3,2,93, current_year(9}, clock{10}12 > [gen{3 41, current_year(10}, clock 1123 1.0
Info: Adding rule: I=+gen(3,2,83} ? [gen{3,2,9}, current_year(a}, clock{10}/3 > [gen{3 4}, eurrent_year{10}, clock 1725 1.0
Info: Adding rule: {=+gen{2,3,10}} ? [gen{2,3,10}, current_year{10}, clock{10}]2 —> [geny3 4}, current_year{11}, clock{1}]2 :: 1.0

Info: Adding rule: {/=+gen(3,3,10)) ? [gen{2,3,10}, current_year{10}, clock{10}J3 —> [gen{3 4], current_year{11), clock{1}]37: 1.0
Info: Adding rule: {f=+gen(, 13} 7 [gen{4 1}]2 —= [gen{1, 112 = 1.0

Info: Adding rule: {f=+gen(4, 13} 7 [gen{4 1}13 = [gen{1,1}}3 = 1.0

Parser finished without errors

AT

Fig. 2: Main screen of MeCoGUI

the invasion of the garlic mustard (Alliaria petiolata), which is replacing native
host broadleaf toothwort (Cardamine diphylla) and ravaging the butterfly’s
natural habitat. Specifically, A. petiolata contains a deterrent agent for larvae of
P. oleracea. Moreover, such a plant is toxic for these larvae, although it contains
a chemical compound which lures mature butterflies and frames them into
laying eggs. Nevertheless, a minority of individuals tolerates such a deterrent,
metabolize the toxin and reach the pupa stage [13,14].

The distribution of phylogenetic profiles across the species consists of a
majority of homozygous individuals unable to thrive on A. petiolata patches,
a minority of homozygous individuals which do well on A. petolata rosettes
and, in the midterm, an slightly larger population of heterozygous individuals
with both alleles. The allele which enables butterflies to overcome the dietary
restrictions imposed by A. petiolata is dominant, but individuals carrying this
allele undergo a detoxification mechanism which entails an energetic cost and
hampers their arrival at adulthood [13].

The model under development aims to identify if there has been any
evolutionary adaptation of the butterfly species significant enough so as to
ensure its survival in the new scenario. Specifically, the idea is to assess if the
detoxification cost associated with individuals tolerating A. petiolata pays off in
the new scenario or, on the other hand, the phylogenetic distribution will stay
the same and other mechanism will come into effect, such as hybridization with
other butterfly species such as Pieris rapae [8].

The approach taken in this project aims to validate the model qualitatively.
A qualitative validation is defined as follows: a model is qualitatively validated
if it can reproduce some properties verified by the ecosystem under different
scenarios (according to the experts).
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7 Conclusions and Future Work

Multienvironment P systems are a general, formal framework for modelling
population dynamics in biology. The framework has two main approaches:
stochastic (micro-level oriented) and probabilistic (macro-level oriented). The
framework has been extended in the probabilistic approach, with the inclusion of
a new modelling framework called Probabilistic Guarded P (PGP) systems. PGP
systems are inspired by Population Dynamics P systems, and aim to simplify
the design and simulation of models of ecological phenomena. The model has
been formalized in this paper, and a simulation algorithm is introduced. This
algorithm is restricted for models which do not feature object competition.
Moreover, an extension of the P-Lingua language is provided to enable PGP
systems in P-Lingua, as well as a Graphical User Interface (GUI) to simulate
PGP systems (MeCoGUI).

The framework of PGP systems is being utilised for modelling the ecosystem
of Pieris napi oleracea, a butterfly native to Northeaster U.S.A. The aim is to
validate the model qualitatively; that is, checking that if the ecosystem verifies
some properties under different scenarios (experts), our model reproduces those
properties as well.

Although PGP systems provide a simplified alternative to PDP systems,
some constraints to the supported models are imposed: only models without
object competition are allowed. Therefore, future research lines will be focused
on overcoming this constraint, providing new simulation algorithms permitting
object competition. Moreover, new case studies will be considered, which can
help to extend the framework. Finally, PGP simulation will be accelerated by
using parallel architectures, such as GPU computing with CUDA.
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Abstract. In Membrane Computing, the solution of a decision problem
X belonging to the complexity class P via a polynomially uniform family
of recognizer P systems is trivial, since the polynomial encoding of the
input can involve the solution of the problem. The design of such solu-
tion has one membrane, two objects, two rules and one computation step.
Stricto sensu, it is a solution in the framework of Membrane Computing,
but it does not use Membrane Computing strategies. In this paper, we
present three designs of uniform families of P systems that solve the de-
cision problem STCON by using Membrane Computing strategies (pure
Membrane Computing techniques): P systems with membrane creation,
P systems with active membranes with dissolution and without polar-
izations and P systems with active membranes without dissolution and
with polarizations. Since STCON is NL-complete, such designs are con-
structive proofs of the inclusion of NL in PMC ¢, PMCAMO+J and

PMC (.

1 Introduction

Membrane Computing [13] is a well-established model of computation inspired
by the structure and functioning of cells as living organisms able to process
and generate information. It starts from the assumption that the processes tak-
ing place in the compartmental structures as living cells can be interpreted as
computations. The devices of this model are called P systems.

Among the different research lines in Membrane Computing, one of the most
vivid is the search of frontiers between complexity classes of decision problems,
i.e., to identify collections of problems that can be solved (or languages that
can be decided) by families of P systems with similar computational resources.
In order to settle the correspondence between complexity classes and P system
families, recognizer P systems were introduced in [9, 10]. Since then, recognizer P
systems are the natural framework to study and solve decision problems within
Membrane Computing.
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In the last years, many papers have been published about the problem of
deciding if a uniform family of recognizer P systems of type JF built in polynomial
time is able to solve a given decision problem X . This is usually written as the
problem of deciding if X belongs to PMCx or not. It has been studied for
many P system models F and for many decision problems X (see, e.g., [2-5] and
references therein).

The solution of a decision problem X belonging to the complexity class P
via a polynomially uniform family of recognizer P systems is trivial (see [8,
11]), since the polynomial encoding of the input can involve the solution of the
problem. On the one hand, by definition, X € P if there exists a deterministic
algorithm A working in polynomial time that solves X. On the other hand,
the belonging of X to PMC £ requires a polynomial time mapping cod that
encodes the instances u of the problem X as multisets which will be provided as
inputs. Formally, given a decision problem X and an algorithm A as described
above, two different functions s (size) and cod (encoding) can be defined for each
instance u of the decision problem:

— s(u) =1, for all u
B ~ Jyes if A(u) = yes
cod(u) = {no if A(u) = no.

The family of P systems which solves X is IT = {II(n)},en with

II(n) = (I ¥, H, pw,R,i), where

— Alphabet: I' = {yes,no}

— Input alphabet: X =T

— Set of labels: H = {skin}

— Membrane structure: [|skin

— Initial multisets: w = ()

— Input label: i = skin

— Set of rules: [yes]|skin — yes [|skin and [10]sgin — 10 []skin. Both are send-
out rules.

Let us notice that IT is formally a family, but all the members of the fam-
ily are the same. It is trivial to check that, for all instance u of the problem,
I1(s(u)) + cod(u) provides the right solution in one computation step, i.e., it
suffices to provide cod(u) as input to the unique member of the family in order
to obtain the right answer. Stricto sensu, it is a solution in the framework of
Membrane Computing, but it does not use Membrane Computing strategies. All
the work is done in the algorithm A and one can wonder if the computation
itself can be performed by using pure Membrane Computing techniques.

We focus now on the well-known ST-CONNECTIVITY problem (known as
STCON). It can be settled as follows: Given a directed graph (V,E) and two
vertices s and t in V', the STCON problem consists of deciding if t is reachable
from s, i.e., if there exists a sequence of adjacent vertices (i.e., a path) starting
with s and ending with t. It is known that it is an NL-complete problem, i.e., it
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can be solved by a nondeterministic Turing machine using a logarithmic amount
of memory space and every problem in the class NL is reducible to STCON
under a log-space reduction.

In this paper, we study the STCON in the framework of P systems. As shown
above, since STCON € NL C P, there exist a trivial family of P systems in
PMC x which solves it, regardless of the model F. It suffices that F deals with
send-out rules. In this paper, we present three designs of uniform families of P
systems that solve the decision problem STCON by pure Membrane Computing
techniques, i.e., techniques where the features of the model F are exploited in
the computation: P systems with membrane creation, P systems with active
membranes with dissolution and without polarizations and P systems with active
membranes without dissolution and with polarizations. We provide such designs
and show the differences with previous studies found in the literature.

Since STCON is NL-complete, such designs are constructive proofs of the
belonging of NL to PMC ¢, PMCAMid and PMCAMfd'

The paper is structured as follows: First of all, we recall some basic definitions
used along the paper. In Section 3, previous works on NL are revisited. Next, our
designs of solutions are provided and the paper finishes with some conclusions
and presenting research lines for a future work.

2 Preliminaries

Next, some basic concepts used along the paper are recalled. We assume that
the reader is familiar with Membrane Computing techniques (for a detailed de-
scription, see [13]).

A decision problem X is a pair (Ix,6fx) such that Ix is a language over a
finite alphabet (whose elements are called instances) and fx is a total Boolean
function over Ix. A P system with input is a tuple (I, X, ir), where IT is a P
system, with working alphabet I', with p membranes labelled by 1,...,p, and
initial multisets My, ..., M, associated with them; X is an (input) alphabet
strictly contained in I'; the initial multisets are over I' — X; and 757 is the label
of a distinguished (input) membrane. Let (II, X', i) be a P system with input,
I" be the working alphabet of II, u its membrane structure, and My,..., M,
the initial multisets of IT. Let m be a multiset over Y. The initial configuration
of (I1, X, i) with input m is (u, M1, ..., M;, Um,..., M,). We denote by I
the set of all inputs of the P system IT (i.e. Ij7 is a collection of multisets over
X). In the case of P systems with input and with external output, the above
concepts are introduced in a similar way.

Definition 1. A recognizer P system is a P system with input and with external
output such that:

1. The working alphabet contains two distinguished elements yes, no.
2. All its computations halt.
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3. IfC is a computation of I, then either the object yes or the object no (but not
both) must have been released into the environment, and only in the last step
of the computation. We say that C is an accepting computation (respectively,
rejecting computation) if the object yes (respectively, no) appears in the ex-
ternal environment associated to the corresponding halting configuration of

C.

3 Previous Works

The relation between the complexity class NL and Membrane Computing models
has already been explored in the literature. In [6], Murphy and Woods claim that
NL C PMC 40 b i.e., every problem in the complexity class NL can be
solved by a non-uniform family of recognizer P systems with active membranes
without polarization and without dissolution.

The proof shows the design of a family of P systems with active membranes
without polarization and without dissolution which solves STCON and con-
siders the NL-completeness of STCON. Nonetheless, the authors use a non
standard definition of recognizer P systems. According to the usual definition of
recognizer P system (see, e.g., [4]), either one object yes or one object no (but
no both) must have been released into the environment, and only in the last step
of the computation. In the proposed family by Murphy and Woods, it is easy to
find a P system which sends yes to the environment in an intermediate step of
the computation and sends no to the environment in the last step of the compu-
tation, so their proof of NL € PMC 4,0, cannot be considered valid with

respect to the standard definition of recognizer P systems.

Counterexample: Let us consider the instance (s, t, G) of STCON where G
has only two vertices s and ¢ and only one edge (s, t). According to [6], the P sys-
tem of the cited model that solves this instance has I = {s, t, yes, no, co, ..., cq}
as alphabet, h as unique label and []; as membrane structure. The initial con-
figuration is [s 4] and the set of rules consists of the following seven rules:

[s = t]n [t]n = []n yes
[co]h—>[]hno [Ci_>ci—1}h fOI"iE{l,...,4}.

It easy to check that this P system sends yes to the environment in the second
step of computation and sends no in the fifth (and last) step, so, according to the
standard definition, it is not a recognizer P system. In [7] Murphy and Woods
revisited the solution of STCON by non-uniform families of recognizer P systems
and considered three different ways of the acceptance in recognizer P systems,
one of them was the standard one (Def. 1).

4 Three Designs for the STCON Problem

In this section, we provide three uniform families of P systems that solve the
STCON problem in three different P system models. All these models use the
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same encoding of an instance of the problem. We do not loss generality if we
consider the n vertices of the graph as {1,...,n}. In this case, a concrete instance
I =(s,t,(V,E)) of the STCON on a graph (V, E) with vertices {1,...,n}, can
be encoded as

cod(l) = {xs,y:} U{as; : (4,5) € E},

i.e., x5 stands for the starting vertex, y; for the ending vertex and a;; for each
edge (i,7) in the graph. By using this coding, all the instances of the STCON
problem with n vertices, can be encoded with the alphabet

Y={x; :1€{l,...,n}}uU
{y; + 7€{L,...,n}}U
{aij : Z,je{].,,n}}

whose cardinality is 2n + n2.

Next we present three solutions of the STCON problem by P systems. The
first two of them are based on P systems with active membranes, while the last
one uses P systems with membrane creation. The first solution does not use
membrane dissolution but uses the polarizations of the membranes. The sec-
ond solution does not use polarizations but uses membrane dissolution instead.
Moreover, none of these solutions use membrane division rules.

All the three solutions, roughly speaking, work in the following way. For
a given directed graph G = (V,FE) and vertices s and ¢, the system cre-
ates/activates certain membranes in the initial configuration corresponding to
the edges in E. Then, these membranes will be used to create those objects that
represent the vertices reachable from s. Meanwhile, it is tested whether or not
the vertex ¢ is created or not. If yes, the system initiates a process which will
send yes out to the environment. If the vertex ¢ is not produced by the system,
i.e., t is not reachable from s in G, then a counter will create the symbol no
which is then sent out to the environment.

Although these solutions are similar, they use different techniques according
to the class of P systems that we employ. We believe that some of the construc-
tions used in the following designs might be useful also in solutions of other
problems by these classes of P systems.

4.1 P Systems with Active Membranes with Polarization and
without Dissolution

As a first approach, we will provide the design of a uniform family IT = {II,, },,en
of P systems in PMC 4¢_, which solves STCON. Each P system II,, of the
family decides on all the possible instances of the STCON problem on a graph
with n nodes. Such P systems use two polarizations, but they do not use divi-
sion or dissolution rules, so not all the types of rules of P systems with active
membranes are necessary to solve STCON. Each I, will receive as input an
instance of the STCON as described above and will release yes or no into the
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environment in the last step of the computation as the answer of the decision
problem. The family presented here is
Hn = <Fn7 Zna HTH ECT” Hns wg7 w'ylu ce awza wrlL17 R wzn7 wikin7 an Zn>

For the sake of simplicity, thereafter we will omit the subindex n. The compo-
nents of II,, are as follows.

— Alphabet:
I=A{x;,yi,t; -ie{l,...,n}}U
{(lij, Zij 1 1,] € {1, .. .,TL}}U
{c; :1€{0,...,3n+1}}U
{k,yes, no}.

Input alphabet: Y, as described at the beginning of the section. Let us
remark that X C I'.

— Set of labels: H = {(i,7) : i,7 € {1,...,n}} U{l,...,n} U{a, skin}.
Electrical charges: EC = {0, +}.
Membrane structure: [[]9...[]% []?1 -

] }skzn
fori,5,k € {1,...,n}.

|
Initial multisets: w® = ¢y, W = w7 = W+ =\

Input label: i = skin.

The set of rules R:

R1.  ay []?,-7]) — [aij]@ﬂ fori,5 € {1,...,n}.
Each input object a;; activates the corresponding membrane by changing its
polarization. Notice that such a symbol a;; represents an edge in the input
graph.
R2. y;[]} = [yj];r for j € {1,...,n}.
The object y; activates the membrane j by changing its polarization. As the
input multiset always has exactly one object of the form y;, II,, will have a
unique membrane with label in {1,...,n} and polarization +.
R3.  [zi — zi1 ... 2inti| %, forie {1 .,n}.
The goal of these rules is to create n + 1 copies of an object x;. A copy z;; will
be able to produce an object x; if the edge (i, 7) belongs to E. The object t; will
bf% ilsed to[\]v_&tness t[ha]to vertex ¢ is reachable.

© Zig Uy T T .

tj[]j(—i [k]9 ( >} fori,je{1,...,n}.

If the membrane with label (7, j) has polarization +, then the symbol z;; produces
a symbol z; inside this membrane. Meanwhile, the polarization of this membrane
changes from + to 0, i.e., the membrane is deactivated. Moreover, if the symbol
t; appears in the skin and the membrane with label j has positive polarization,
then an object k is produced inside this membrane. Such object k will start the
process to send out yes to the environment.
R5., (KO — k[0 k[I%— [k}
The object £ is a witness of the success of the STCON problem. If it is produced,
it goes into the membrane with label a and changes its polarization to +.
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R6. (20, 5 = @5 [I% ) ford,je{1,...,n}.
The produced object x; is sent to the membrane skin in order to continue the
computation by rules form R3.
R7. - [ei = e, [csnialy = molla } for i € {0,...,3n}.

ei = citald, lesntals — yes[]a
Object ¢; evolves to c;y1 regardless of the polarization of the membrane with
label a. If during the evolution the object k enters the membrane with label a,
then the polarization of this membrane changes to + and the object cg,4+1 will
produce yes in the skin membrane. Otherwise, if the object k is not produced,
the polarization is not changed and the object c3,41 will produce no.
RS8. [no]skm — no Hskivm [yeS]skin — yes Hskin .
Finally, yes or no is sent out the P system in the last step of computation.

To see in more details how a computation of the presented P system goes,
let us consider an instance I = (s,¢,G) of STCON where G is a graph
({1,...,n}, E). The computation of II,, on cod(I) can be described as follows.
During the first step, using rules in R1, every a;; enters the membrane with label
(i,7) and changes its polarization to 4. Thus, after the first step the edges in F
are encoded by the positive polarizations of the membranes with labels of the
form (i, j). During the same step, using the corresponding rule in R2, y; enters
the membrane with label ¢ and changes its polarization to 4. This membrane
will be used to recognize if an object representing that ¢ is reachable from s is
introduced by the system.

Now let [ € {1,4,...,3(n — 1) + 1} and consider an object z; in the skin
membrane. During the [th step, using rules in R3, z; creates n + 1 copies of
itself. The system will try to use a copy z;; (j € {1,...,n}) in the next step to
create a new object ;. The copy ¢; will be used to decide if i = ¢.

During the (I + 1)th step, using rules in R4, the systems sends z;; into
the membrane with label (i,5) if that membrane has a positive polarization.
Meanwhile, z;; evolves to z; and the polarization of the membrane changes to
neutral. During the same step, if 7+ = t and the membrane with label ¢ has
positive polarization, then the system sends ¢; into this membrane. Meanwhile,
t; evolves to k and the polarization of the membrane changes to neutral.

During the (I + 2)th step, using rules in R6, the object x; is sent out of the
membrane with label (i, j). Moreover, if the membrane with label ¢ contains k,
then this k is sent out of this membrane.

One can see that during the above three steps the system introduces an object
x; if and only if (¢,7) is an edge in E. Using this observation we can derive that
during the computation of the system, an object x; appears in the skin if and
only if there is a path in G from s to j. Thus, ¢ is reachable from s in G if and
only if there is a configuration of I, where the skin contains z;. However, in
this case an object k is introduced in the membrane with label ¢. It can also
be seen that II,, sends out to the environment yes if and only if k£ appears in
membrane t. Moreover, if k& does not appear in membrane ¢, then the systems
sends out to the environment no. Thus, II,, sends out to the environment yes or
no according to that ¢ is reachable from s or not. As IT,, stops in at most 3n + 2
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steps, we can conclude that the family IT decides STCON in linear time in the
number of vertices of the input graph.

4.2 P Systems with Active Membranes with Dissolution and
without Polarization

Based on the solution presented in the previous sub-section, we give here a
uniform family IT = {17, },cn in PMC 4,0 which solves STCON. As here we
cannot use the polarizations of the membranes, we use membrane dissolution to
select those membranes of the initial configuration that correspond to the edges
of the input graph. Next we will describe the mentioned family II. Since we
do not use polarizations, we do not indicate it at the upper-right corner of the
membranes. The family presented here is

Hn = <F,27H7E07H’VV7RJ>~
The components of II,, are as follows.

— Alphabet:

I' = {xi,v14, v2i, 034, V3, Y, t; - 1 € {1,...,n}}U
{ai]’, Zij t i,j S {1,...,%}}U
{c; :1€{0,...,3n+4}}U
{k,yes,no}.

— Input alphabet: X, as described at the beginning of the section.

— Set of labels: H = {(i,j,in), (i,j,out) : 4,5 € {1,...,n}} U {(i,in),
(i,out) : i€ {1,...,n}U{a,skin}.

— Electrical charges: EC = 2.

— Membrane structure: [[[](1,in)](1,0ut) - - - [ (nin) ] (noouty [[11,1,im)]1,1,0ut) - - -
s [H(n,n,in)}(n,n,out) Ha]skin-

— Initial multisets: W = {w®, w™™ . wim) qpllout)  qpy(nout)
w(l,l,in>’ L ’,LU(n,n,in)’ w(l,l,out)’ L 7w(n,n,out>,wskin}’ where
w® = co, wsk:in _ w(i,j,out) _ w(k,out) _ )\7 w(i,j,in) _ w(k,in) _ va for

i,j,ke{l,...,n}
— Input label: i = skin.

The set of rules R:

RO. [371 — Uli]skiru [Uji — 1}]‘4_171‘}3]%‘”, [U3i — Ui]skin for i € {1, . ,TL} and
je{1,2}.
In this solution we cannot use an object x; in the same role as we did in the pre-
vious sub-section because of the following reason. The system needs four steps to
select those membranes in the initial membrane configuration that correspond
to the edges in E. Thus, the system introduces in four steps the object v; which
will act in this solution as x; did in the previous one.
R1.  [fm = fmeiligin

[f3l(i,j,iny — fa fori,j€{1,...,n}, me {0,1,2}.

[f4](i,j,out> — f4
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These rules can dissolve the membranes with label (i, j, in) or (i, j, out). However,
if @;; is in the input multiset, then it prevents the dissolution of the membrane
with label (i, j, out) using the following rules.
R2. i [1ii,j,m) = laijliigm)
@igl(s,j,iny = @i
By these rules the input symbol a;; goes into the membrane with label (i, 7, in)
and dissolves that. This way the second rule in R1 cannot be applied, thus the
membrane with label (i, j, out) cannot be dissolved by the third rule.
R3.  [fm — fmt1lgiin
[f3l(j,iny = fa for j € {1,...,n}, m €{0,1,2}.
[f4](j,out> — f4
These rules can dissolve the membranes with label (j,in) or (j, out). However,
if y; is in the input multiset, then it prevents the dissolution of the membrane
with label (j, out) using the following rules.
Ra. i [l = Wil } for j € {1,...,n} and m € {in, out}.
[ilg.in) =
By these rules the input symbol y; goes into the membrane with label (j,in) and
dissolves that. With this it is achieved that the membrane with label (j, out) is
not dissolved by the rules in R3.
R5. [’Uz' — zﬂ...zmti]skm fori e {1,...,”}.
The role of these rules is the same as that of the rules in R3 in Section 4.1.
R6.  z; H“’j""“t) - [Uj]<i’j’°“t> } fori,j € {1,...,n}.

tj H(j,out} — [H(j,out)
The role of these rules is similar to that of the rules in R4 in Section 4.1: If the

membrane with label (i, j, out) has not been dissolved, then the object z;; pro-
duces a symbol v; inside this membrane. Analogously, if the symbol ¢; appears
in the skin and the membrane with label (j, out) is not dissolved, then an object
k is produced inside this membrane. Such object k& will start the process to send
yes out to the environment.
R7. [Klgouy = Kllgouns k(o= Har  [Kla = K.
The object k is a witness of the success of the STCON problem. If it is pro-
duced, it goes into the membrane with label a and dissolves it.
R8.  [vj],) —vj fori,je{l,...,n}.
The produced object v; dissolves the membrane with label (i, j) as the compu-
tation does not need this membrane any more. This way the object v; appears
in the skin and the computation can continue using the rules in R5.
R9. [Ci — Ci+1]a7 [03n+4]a — no Ha .

[Cira]omim —> [yES]onin } for i € {0,...,3n + 3}.
Object ¢; evolves to ¢;4+1 in membrane with label a. If during this evolution the
object k appears in this membrane, then it dissolves it and the object ¢; 1 gets
into the skin membrane where it produces yes. Otherwise, if the object k is not
produced, c3,4+4 remains in membrane with label a and produces no.
R10. [no]skin — no Hskin, [yes]skm — yes Hskin .
Finally, yes or no is sent out the P system in the last step of computation.

fori,j € {1,...,n}, m € {in, out}.
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One can observe that during the first four steps of I, a membrane with
label (i, j, out) is not dissolved if and only if a,; is in the input. Thus, IT,, has a
membrane with label (i, j, out) after the first four steps if and only if IT,, defined
in Section 4.1 has a membrane (i, j) with positive polarization after the first step.
Similar observations apply in the case of membranes with label (j, out). Thus,
the correctness of I1,, defined in this section follows from the correctness of I1,,
defined in Section 4.1. One can also observe that II,, stops after at most 3n + 5
steps, which means that the family IT defined in this section decides STCON
in linear time.

4.3 P Systems with Membrane Creation

Here we provide a solution of the problem STCON by a uniform family of P
systems in the framework of P systems with Membrane Creation. Since STCON
is NL-complete, we have a direct proof of NL C PMC rc. This result is well-
know, since NL C NP and NP C PMC ¢ (see [4]). Nonetheless, to the best of
our knowledge, this is the first design of a P system family which solves STCON
in PMCMc.

Next we will describe the family II = {II, },en of P systems in PMC pc.
Each II,, will receive as input an instance of the STCON as described at the
beginning of the section and will release yes or no into the environment in the
last step of the computation as the answer of the decision problem. The family

presented here is
I, = (I %, H, p,w, w’, w, R, ).

The components of II, are as follows.

Alphabet:
I'=A{z;,yi,t; -ie{l,...,n}}U
{aij, Zij t 1, € {1, ce. ,’fl}}U
{no; : i €{0,...,3n+3}}U
{yes; 1€ {1,...,4}}U
{yes, no}.

Input alphabet: Y, as it is described at beginning of the section.
Set of labels: H = {(i,j) : i,5 € {1,...,n}}U{L,...,n} U{a,b,c}.
— Membrane structure: [[],[]s]c-

Initial multisets: w® = nog, w® = w® = \.

— Input label: i = b.

The set of rules R:

R1. [[aij — [>\]<i,j)]b fori,5 € {1,...,n}.

Each input symbol a,; creates a new membrane with label (7,7). Recall that
such a symbol a;; represents an edge in the directed graph.

R2. [y; = [A];]p for j € {1,...,n}.

By these rules an input symbol y; creates a new membrane with label j.

R3. [z; = zi...zinti]p forie {1,... ,n}.
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The role of these rules is the same as that of the rules in R3 in Section 4.1.
Ra. 2l = [xﬂ']“vﬁ} for i,j € {1,...,n}.

tj [l — lyesol;
The role of these rules is similar to that of the rules in R4 in Section 4.1 except
that here an object ¢; introduces an object yesy in the membrane with label j.
This new object yesy will evolve with the rules in R6 and R7 until the final
object yes is produced in the environment.
R5.  [zj]4,) — x5 fori,j € {1,...,n}.
The object x; dissolves the membrane with label (i, j). The useful information
is that x; is reachable. We keep this information, but the membrane can be
dissolved. This way x; gets to the membrane b and the computation can go on
using the rules in Rj.
R6. [yesol; — yes; for j € {1,...,n}.
For each possible value of j, if yesq is produced, the corresponding membrane is
dissolved and yes; appears in the membrane with label b.
R7.  [yesi]y — yesa, yesa|[]a — [yessla,

[yess|a — yesa, [yessle = ves|[]e.
The evolution of the object yes; firstly dissolves the membrane with label b. If
this membrane is dissolved, the rules from R3 will be no longer applied. In a
similar way, object yess dissolves the membrane with label a and this stops the
evolution of the objects inside this membrane.
R8. [no; = nojt1]e forie {1,...,3n+2}.
The object no; evolves inside the membrane with label a. If this evolution is not
halted by the dissolution of this membrane, these objects will produce an object
no in the environment.
R9. [nosp+3la — no, [nol. — noll..
If the evolution of no; is not stopped, the object nos,ts dissolves the mem-
brane with label a and creates a new object no. This object will be sent to the
environment in the next step of the computation.

It is not difficult to see using the comments given after the rules that this so-
lution works essentially in the same way as our first solution. The main difference
is that while in Section 4.1 an input symbol a;; is used to change the polarization
of a membrane (i, j), here this symbol is used to create such a membrane. Thus,
the correctness of the solution presented here can be seen using the correctness
of the solution given in Section 4.1. It is also clear that the P systems presented
here work in linear time in the number of vertices in the input graph.

As we have mentioned, in solutions of problems in P via uniform families of
P systems it is important to use such input encoding and P system constructing
devices that are not capable to compute the correct answer. It is easy to see that
the decision processes in the solutions of STCON presented in this paper are
entirely done by the P systems themselves. Thus our solutions could be easily
modified so that the construction of the used families and the computation of the
input encoding can be carried out by reasonable weak computational devices,
for example, by logarithmic-space deterministic Turing machines.
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5 Conclusions

The design of a uniform family of recognizer P systems working in polynomial
time which solves a decision problem with pure Membrane Computing techniques
is a hard task, regardless of the complexity class of the problem. The difficulty
comes from the hard restrictions imposed on such family. Firstly, the use of
input P systems implies that each instance of the problem must be encoded as a
multiset and such multiset must be introduced at the starting configuration in
one input membrane. The multiset encoding the instance cannot be distributed
in several membranes in the starting configuration. Secondly, in uniform families,
each P system must solve all the instances of the problem of the same size
(regardless of whether the answer is positive or not). This means that the set
of rules which leads to send yes to the environment and the set of rules which
leads to send no must be present in the design of the P system; and thirdly, the
standard definition of recognizer P systems claims that an object yes or no (but
no both) is sent to the environment in the last step of computation.

A deep study of these constraints shows that it is not sufficient to implement
a design of P system with the control scheme “if the restrictions of the decision
problem are satisfied, then an object yes must be sent to the environment”.
Instead of such scheme, the design must consider the following structure: “if the
restrictions are satisfied, then an object yes must be sent to the environment,
else an object no must be sent”. This scheme if-then-else must be controlled
with the ingredients of the P system model. In the three presented designs, this
if-then-else scheme is implemented via dissolution, polarization, or membrane
creation.

These ideas lead us to consider the necessity of revisiting the complexity
classes under P and adapt the definition of recognizer P systems for these classes.
Some papers in this new research line can be found in the literature (see, e.g.,
[12]), but further research is needed.
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Abstract. In this paper, we prove that every single-tape deterministic
Turing machine working in time ¢(n), for some function ¢ : N — N, can be
simulated by a uniform family of polarizationless P systems with active
membranes. Moreover, this is done without significant slowdown in the
working time. Furthermore, if logt(n) is space constructible, then the
members of the uniform family can be constructed by a family machine
that uses space O(logt(n)).

1 Introduction

The simulation of the behaviour of Turing machines by families of P systems has
a long tradition in Membrane Computing (see, e.g., [1, 11,8, 13]). The purpose of
such simulations is twofold. On the one hand, they allow to prove new properties
on complexity classes and, on the other hand, they provide constructive proofs
of results which have been proved via indirect methods®.

In this paper, we give a new step on the second research line, by showing
that Turing machines can be simulated efficiently by families of polarizationless
P systems with active membranes. By efficiency we mean that these P systems
can simulate Turing machines without significant slowdown in the working time.
Moreover, the space complexity of the presented P systems is quadratic in the
time complexity of the Turing machine.

The conclusions obtained from such simulations are well-known: the decision
problems solved by Turing machines can also be solved by families of devices in
the corresponding P system models. In fact, it is well-known that the solution
of a decision problem X belonging to the complexity class P via a polynomially
uniform family of recognizer P systems is trivial, since the polynomial encoding
of the input can involve the solution of the problem (see [3,7]).

3 The reader is supposed to be familiar with standard techniques and notations used
in Membrane Computing. For a detailed description see [10].
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This fact can be generalized to more wide situations: the solution of a decision
problem X by a uniform family of P systems IT may be trivial in the following
sense. Let us consider a Turing machine that computes the encoding of the
instances of X (also called the encoding machine). If this machine is powerful
enough to decide if an instance is a positive instance of X or not, then a trivial
P system can be used to send out to the environment the correct answer.

In order to avoid such trivial solutions, the encoding machine and the Turing
machine that computes the members of IT (often called the family machine)
should be reasonably weak. More precisely, if the problem X belongs to a com-
plexity class C, then the family machine and the encoding machine should belong
to a class of Turing machines that can compute only a strict subclass of C (see
8).

According to this, we will use a family of P systems to simulate a Turing
machine M which members can be constructed by a family machine with the
following property. If M works in time ¢(n), for some function ¢ : N — N,
and logt(n) is space constructable, then the family machine works using space
O(logt(n)). In particular, if ¢ is a polynomial, then the family machine uses
logarithmic space. Moreover, we will use the following function pos to encode
the input words of M: For a given input word w, pos(w) is a multiset where
every letter of w is coupled with its position in w. Furthermore, the positions
of the letters are encoded in binary words. It was discussed in [8] that pos is
computable by deterministic random-access Turing machines using logarithmic
time (in other words, pos is DLOGTIME computable). In this way, there is
no risk that pos can compute a solution of a problem outside of DLOGTIME.
Since DLOGTIME is a rather small complexity class, if follows that we can
use pos safely as the input encoding function during the simulation of M.

The presented result is similar to the one appearing in [1] stating that every
single-tape deterministic Turing machine can be simulated by uniform families
of P systems with active membranes with a cubic slowdown and quadratic space
overhead. However, this result and ours are not comparable, as the constructions
in [1] use the polarizations of the membranes, while our solution does not.

The paper is organized as follows. First of all, we recall some basic definitions
used along the paper. Then, in Section 3, we present the main result. Finally,
we give some concluding remarks in Section 4.

2 Preliminaries

First, we recall some basic concepts used later.

Alphabets, Words, Multisets. An alphabet X is a non-empty and finite set of
symbols. The elements of X are called letters and X* denotes the set of all finite
words (or strings) over X, including the empty word e. The length of a word
w € X* is denoted by I(w). We will use multisets of objects in the membranes
of a P system. As usual, these multisets will be represented by strings over the
object alphabet of the P system.
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The set of natural numbers is denoted by N. For 4, j € N, [i, j] denotes the set
{i,i+1,...,7} (notice that if j < 4, then [¢, j] = @). For the sake of simplicity,
we will write [n] instead of [1,n]. For a number i € N, b(i) denotes its binary
form and b(N) = {b(¢) | © € N}. Given an alphabet X, the function pos : X* —
(X x b(N))* is defined in the following way. For a word w = a;y...a, € X*,
where a; € X ,i € [n], pos(w) := (a1,b(1)) ... (an,b(n)). If a is the ith letter of
w, then we will also write the ith letter of pos(w) in the form ay;).

Turing Machines. Turing machines are well known computational devices. In
the following we describe the variant that appears, e.g., in [12]. A (deterministic)
Turing machine is a 7-tuple M = (Q, X, I', 6, qo, Ga, G») Where

— (@ is the finite set of states,

— X is the input alphabet,

— I' is the tape alphabet including X' and a distinguished symbol U ¢ Y| called
the blank symbol,

—0:(Q—A{qa,q-}) x I' > Q x I' x {L, R} is the transition function,

— qo € @ is the initial state,

Qo € @ is the accepting state,

— qr € Q is the rejecting state.

M works on a single infinite tape that is closed on the left-hand side. During
the computation of M, the tape contains only finitely many non-blank symbols,
and it is blank everywhere else. Let us consider a word w € X*. The initial
configuration of M on w is the configuration where w is placed at the beginning
of the tape, the head points to the first letter of w, and the current state of M is
qo. A configuration step performed by M can be described as follows. If M is in
state p and the head of M reads the symbol X, then M can change its state to
g and write X’ onto X if and only if é(p, X) = (¢, X’,d), for some d € {L, R}.
Moreover, if d = R (resp. d = L), then M moves its head one cell to the right
(resp. to the left) (as usual, M can never move the head off the left-hand end
of the tape even if the head points to the first cell and d = L). We say that
M accepts (resp. rejects) w, if M can reach from the initial configuration on
w the accepting state g, (resp. the rejecting state g,.). Notice that M can stop
only in these states. The language accepted by M is the set L(M) consisting of
those words in X* that are accepted by M. It is said that M works in time #(n)
(t : N — N) if, for every word w € X*, w stops on w after at most ¢t(I(w)) steps;
M works using space s(n) (s : N — N) if it uses at most s(n) cells when it is
started on an input word with length n. As usual, if M is a multi-tape Turing
machine and it does not write any symbol on its input tape, then those cells that
are used to hold the input word are not counted when the space complexity of
M is measured?. Let us consider a function f : N — N such that f(n) is at least
O(logn). We say that f is space constructible if there is a Turing machine M that

4 For the formal definitions of the well known complexity classes concerning Turing
machines (such as L, P, TIME(¢t(n)) and SPACE(s(n))), the interested reader is
referred to [12].
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works using space O(f(n)) and M always halts with the unary representation
of f(n) on its tape when started on input 1™.

Recognizer P systems. A P system is a construct of the form II =
(I H, pywy, ..., Wiy, R), where m > 1 (the initial degree of the system); I' is
the working alphabet of objects; H is a finite set of labels for membranes; p is a
membrane structure (a rooted tree), consisting of m membranes, labelled with
elements of H; wy,...,w,, are strings over I', describing the initial multisets of
objects placed in the m regions of u; and R is a finite set of developmental rules.

A P system with input is a tuple (I1, X, o), where IT is a P system with work-
ing alphabet I, with m membranes, and initial multisets w, . .., w,, associated
with them; X is an (input) alphabet strictly contained in I'; the initial multisets
are over I' — X; and ig is the label of a distinguished (input) membrane.

We say that IT is a recognizer P system [4,5] if IT is a P system with input
alphabet Y and working alphabet I'; I has two designated objects yes and no;
every computation of IT halts and sends out to the environment either yes or
no, but not both, and this is done exactly in the last step of the computation;
and, for a word w € X*, called the input of II, w can be added to the system
by placing it into the input membrane 4, in the initial configuration.

A P system II is deterministic if it has only a single computation from its
initial configuration to its unique halting configuration. II is confluent if every
computation of I halts and sends out to the environment the same object.
Notice that, by definition, recognizing P systems are confluent.

P Systems with Active Membranes. In this paper, we investigate recognizer
P systems with active membranes [9]. These systems have the following types of
rules. As we are dealing with P systems that do not use the polarizations of the
membranes, we leave out this feature from the definition.

(a) [a =)y, forhe Haecl,vel™
(object evolution rules, associated with membranes and depending on the
label of the membranes, but not directly involving the membranes, in the
sense that the membranes are neither taking part in the application of these
rules nor are they modified by them);

(b) a[ Jn = [b]n, for h€e H,a,be I
(send-in communication rules, sending an object into a membrane, maybe
modified during this process);

(c) [alp = [ Jnb, for he H, a,be I
(send-out communication rules; an object is sent out of the membrane,
maybe modified during this process);

(d) [a]p = b, for h € H,a,be T
(membrane dissolving rules; in reaction with an object, a membrane can be
dissolved, while the object specified in the rule can be modified);

(e) [a]ln = [Blnlc]p, for h € H, a,b,ce T
(division rules for elementary membranes; in reaction with an object, the
membrane is divided into two membranes; the object a specified in the rule
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is replaced in the two new membranes by (possibly new) objects b and ¢
respectively, and the remaining objects are duplicated; the new membranes
have the same labels as the divided one).

As usual, a P system with active membranes works in a mazimally parallel
manner:

— In one step, any object of a membrane that can evolve must evolve, but one
object can be used by only one rule in (a)-(e);

— when some rules in (b)-(e) can be applied to a certain membrane, then one
of them must be applied, but a membrane can be the subject of only one of
these rules during each step.

We will use uniform families of P system to decide a language L C X*. In
this paper, we follow the notion of uniformity used in [8] for the definition of
uniform families of P systems: Let E and F' be classes of computable functions.
A family IT = (II(i));en of recognizing P systems is called (E, F')-uniform if and
only if (7) there is a function f € F such that, for every n € N, II(n) = f(1™)
(i.e., mapping the unary representation of each natural number to an encoding
of the P system processing all the inputs of length n); (i7) there is a function
e € E that maps every word € X* to a multiset e(z) = w, over the input
alphabet of IT(I(x)).

An (E, F)-uniform family of P systems IT = (II(i));en decides a language
L C ¥* if, for every word x € X*, starting IT(I(x)) with w, in its input mem-
brane, IT(I(x)) sends out to the environment yes if and only if € L. In general,
FE and F' are well known complexity classes such as P or L.

We say that IT(n) works in time t(n) (t : N — N) if IT(n) halts in at most
t(n) steps, for every input multiset in its input membrane. Next, we adopt the
notion of space complexity for families of recognizer P systems similarly to the
definition appearing in [8] (see also [6]). Let C be a configuration of a P system
IT. The size of C (denoted by |C|) is the sum of the number of membranes and
the total number of objects in C. If C = (Cyp,...,Cx) is a halting computation
of II, then the space required by C is defined as |C| = maxz{|Col, ..., |Ck|}. The
space required by IT is |II| = sup{|C| | C is a halting computation of IT}. Let
us note that in the presented solution a P system II always has finitely many
different halting computations, which clearly implies that |II| € N. Finally, IT(n)
works using space s(n) (s : N — N), if |II(n)| < s(n), for every input multiset in
its input membrane.

3 The Main Results

In this section we prove the main result of the paper:

Theorem 1. Let t : N — N be a function such that logt(n) is space con-
structible and consider a Turing machine M working in time t(n). Then M
can be simulated by a (DLOGTIME, SPACE(logt(n)))-uniform family Iy, =
(IIn(7))ien of recognizer P systems with the following properties:
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— the members of II; are polarizationless P systems with active membranes,
without using membrane division rules, and
— for every n € N, II)(n) works in time O(t(n)) and in space O(t*(n)).

The rest of this section is devoted to the proof of this theorem. Let us consider
a Turing machine M = (Q, X, I', §, qo, qa, ¢-) working in time ¢(n). We construct
a uniform family of recognizer P systems Iy, = (I1p(3));en that decides the
language M (L). Assume that Q = {s1,..., S}, for some m > 3, where 57 = qq,
Sm—1 = ¢q and 8, = ¢q,. Moreover, I' = {X,..., X;} for some k > |X|, where
X = U is the blank symbol of the working tape.

Before giving the precise construction of ITy;(n), we describe informally some
of its components. As the number of certain components of I, (n) will depend
on n, when the family machine that constructs ITy;(n) enumerates these com-
ponents, an efficient representation of numbers depending on n should be used.
Thus, instead of using a number to denote a component of ITys(n), we will use
the binary form of this number.

As M stops in at most t(n) steps, the segment of the tape of M that is
used during its work consists of at most ¢(n) cells. This segment of the tape
will be represented by the nested membrane structure appearing on Fig. 1. Here
the first membrane in the skin represents the first cell of the tape, while the
innermost membrane represents the t(n)th one. We will call these membranes of
ITp(n) tape-membranes. Let us consider a tape-membrane representing the /th
cell of the tape. We call this membrane the Ith tape-membrane. Notice that the
Ith tape-membrane has label b(l), if [ < n, and it has label b(n + 1) otherwise
(we distinguish the indexes of the first n + 1 tape-membranes in order to ensure
that the objects in the input multiset are able to find their corresponding tape-
membranes).

4 )

Xi Xiz Xin+1 Xit(n)

:

U J

i

Fig. 1. The membrane structure corresponding to the simulated tape

For every | € [t(n)], the Ith tape-membrane contains further membranes:
for every state s;, it contains t(n) copies of a membrane with label s;. Such a
membrane contains a further elementary membrane with label s;. Moreover, the
lth tape-membrane contains a symbol X; € I' if and only if the ith cell of M
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contains the symbol X;. Furthermore, if M is in state s; and the head of M points
to the lth cell, then an object 1; is placed into the [th tape-membrane to represent
this information (see Fig. 2 where we depicted the third tape-membrane).

t(n) times
A

Fig. 2. The membrane structure of the third tape-membrane

We will see that when 1; and X; appear in the /th tape-membrane, then
these objects will dissolve a membrane pair [[ |s]s, and introduce new objects
corresponding to the value 6(s;, X;). With these new objects ITj;(n) will be able
to maintain its configurations so that finally its current configuration corresponds
to the new configuration of M.

The formal definition of ITjs(n) is as follows. For every n € N, let ITj;(n) :=
(X', I, H, u, W, R), where:

- X —{abz) lae X, 1<i<n}
=X'uru {TH\LZ d| 1<:i< m, de {L R}} U {db(0)7 . adb(2n)}
—{skm b(1),. b(n—|—1)}U{51,.. s Sms Sy ey Sin b
— u is a nested membrane structure [[[... [...[ Jpnt1) - - Jo(n1) - - o) ]b(1) ] skin
(containing t(n)—n membranes with label b(n+1)), such that each membrane
in this structure contains a further membrane structure v, where v consists
of t(n) copies of the membrane structure [[ ]y ]s,, for every i € [m]. The

input membrane is [ ]skin;

- W:= Wskins Wh(1)y - -+ s Wh(n+1)s Wsys -+ - ,wsm,ws/l ooy Wst oy where
® Wskin ‘= &;
o wyyy = do, wyy = &, for every [ € [2,n], and wy(,41) = Xk (e,
Wy(n+1) is the blank symbol);
* w;, =wy = ¢, for every i € [m];

— R is the set of the following rules:
e Rules to set up the initial configuration of M:
(@) api| loay = lavlowy,  avil loey = [alo), for every i € [1,n] and
<z
(b) [dpiy = dpir1)lt,  [dpan)y =111, for every i € [2n — 1];
e Rules for simulating a configuration step of M:
( ) TZ [ ]Si - [TZ]SM [Ti]si — &, for every i € [Lm];
(d) X[ Je = [Xjle, [ Xjle = Xo Lea, for every i € [1,m], j € [1,K]
d (Xr, St, d) = (5(81, XJ),
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(e) i.r [ Iy = [Tiloy, for every i € [1,m], I € [1,n + 1];
(f) [\I]/i,L}b(l) — [ ]b(l) T4, [»Li,L]l — [Ti]h for every i € [l,m], le [2,n +
1};
e Rules for sending out the computed answer to the environment:
(8) Um—1,a— vesloqy, [bm,a— nolyyy, for every I € [1,n + 1] and d €
{L,R};
(h) [yesloqy = [ Tayyes,  [nolyay = [ ls@yno, for every I € [1,n +1J;
(1) [yes]skin — [ ]skinyesa [no]skin — [ ]skinno-

Next, we describe how ITps(n) simulates the work of M. We will see that
ITp(n) can set up the initial configuration of M in O(n) steps and that every
configuration step of M can be simulated by the P system performing a constant
number of steps. We distinguish the following three main stages of the simulation:

Stage 1: Setting up the initial configuration of M. Assume that M is provided
with the input word ajas...a, (a; € X,i € [n]). Then the input multiset of
Iy (n) is pos(w). During the first 2n steps, every object ay(;) in the input mul-
tiset finds its corresponding membrane with label b(i). At the last step, a)
evolves to a, as the sub-index b(4) is not needed any more. Meanwhile, in mem-
brane 1 object dy evolves to object dy(2,) and dy(2y) evolves to 1. After these
steps, the [th tape-membrane of the system contains an object X € I' if and only
if the lth cell of the tape of M contains X. Moreover, the object 11 occurring
in the first tape-membrane represents that M’s current state is s; (that is, the
initial state) and that the head of M points to the first cell. Thus, after 2n steps
the configuration of ITy;(n) corresponds to the initial configuration of M.

Stage 2: Simulating a configuration step of M. Let us assume that M has the
configuration appearing in Fig. 3. We can assume that II);(n) has the corre-

sponding configuration depicted in Fig. 4 (for the sake of simplicity we assume
that I € [n + 1]).

First cell Ith cell t(n)th cell

.| - 7
(5

Fig. 3. A configuration of M

The simulation of the computation step of M starts as follows. Firstly, 1; goes
into a membrane with label s; and then dissolves it using rules in (¢). Meanwhile,
1; evolves to €. Let us remark that the system always can find a membrane with
label s; in the corresponding tape-membrane. Indeed, at the beginning of the
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skin

Fig. 4. The corresponding configuration of 1Ty (n)

computation, every tape-membrane contains ¢(n) copies of a membrane with
label s;. Moreover, M can perform at most ¢(n) steps and the simulation of one
step dissolves exactly one membrane with label s;.

Next, X, goes into the membrane s; and then dissolves it. During the dis-
solution two new objects, X, and |4 are introduced according to the value
d(si, X;). Notice that in |4, the index ¢ corresponds to the index of the new
state of M and d denotes the direction of the tape head. Now the simulation
of the corresponding movement of the head is done as follows. According to the
value of d we distinguish the following cases:

Case 1: d = R. In this case ITj(n) applies rules in (e): J¢ g is sent into the next
inner tape-membrane and, meanwhile, it evolves to 1;. This corresponds to the
move of the tape head to the right.

Case 2: d = L. This case is similar to the previous one, but here ITj;(n) applies
rules in (f): ¢ 1 is sent out of the current tape-membrane and it evolves to 1.
This corresponds to the move of the tape head to the left. Notice that if [ =1,
then ITps(n) can apply only the second rule in (f) which means that in this case
T remains in the first tape-membrane. This still corresponds to the step of M,
since in this case the head of M cannot move left.

Stage 3: Sending to the environment the correct answer. Whenever an object
Im—1,4 (d € {L, R}) is introduced in a tape-membrane (i.e., when the simulated
M enters its accepting state), the system introduces object yes using the first
rule in (g). Then this object is sent out of the tape-membranes until it reaches
the skin membrane using rules in (h). Finally, yes is sent out to the environment
using the first rule in (i). IIp/(n) performs a similar computation concerning
object no.

It can be seen using the notes above that ITy(n) is a confluent polarization-
less recognizer P system that simulates M correctly. It is also clear that ITps(n)
does not employ dissolution and membrane division rules. The other properties
of ITps(n) mentioned in Theorem 1 are discussed next.
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Time and space complexity of II)/(n). The time complexity of IIj(n) is
measured as follows. As we already discussed, Stage I takes O(n) steps. It can
be seen that the simulation of a step of M takes five steps. Thus, Stage 2 takes
O(t(n)) steps. Finally, Stage 3 takes also O(t(n)) steps. Thus, for every word
x € X* with length n, starting ITp;(n) with pos(z) in its input membrane, it
halts in O(t(n)) steps.

Concerning the space complexity, a configuration of ITj;(n) contains t(n)
tape-membranes and every tape membrane contains ¢(n) copies of the membrane
structure [[ |y ]s,, for every i € [m]. Moreover, every cell of II)/(n) contains a
constant number of objects. Thus, the space complexity of ITy(n) is O(t*(n)).

(DLOGTIME, SPACE(log t(n)))-uniformity. We have already discussed
that pos, which is the function that we used to encode the input words in X* is in
DLOGTIME. Thus, it remains to describe a deterministic Turing machine F
that can construct ITjs(n) using space O(logt(n)). It is clear that the objects in
I'" and the rules of IIj;(n) can be enumerated by F' using O(logn) cells. Indeed,
I'” contains O(mn) objects, but m here is a constant that depends only on M.
Moreover, Iy (n) has O(n) different rules.

Furthermore, as logt(n) is space constructable, F' can construct logt(n) in
unary form using space O(logt(n)). Using the unary representation of logt(n),
the initial membrane structure of ITp;(n) can be constructed by F' as follows:
when F' constructs the Ith tape-membrane, then it stores b(l) on one of its tapes
using at most logt(n) cells. Furthermore, when F' constructs the kth membrane
structure of the form [[ ]«]s, (k € [t(n)],i € [m]) in the Ith tape-membrane, then
it stores the words b(k) and b(¢) on one of its tapes. This also needs O(logt(n))
cells. Thus, the total number of cells used on the work tapes of F' when it
constructs ITys(n) is O(logt(n)).

4 Conclusions

The simulation of the behaviour of a device of a computation model in a different
model allows to see all problems from a new point of view. One of the frontiers of
the current research in Membrane Computing corresponds to the computational
power of P systems according to the power of the function that encodes the
input and the function that constructs the family of P systems.

In this paper, we prove a general result in this line, since we show that every
single-tape deterministic Turing machine working in time ¢(n) can be simulated
by a uniform family of recognizer polarizationless P systems with active mem-
branes. Moreover, this is done without significant slowdown in the working time.
Furthermore, if logt(n) is space constructible, then the members of the family
can be constructed by a family machine that uses space O(logt(n)).

As it is pointed out in [2], uniform families of polarizationless P systems
with active membranes and without dissolution rules are at most as powerful
as the used input encoding function (see Theorem 10 in [2]). This fact, together
with the result of this paper, illustrates the importance of dissolution rules in
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P systems with active membranes when the polarizations of the membranes are
not allowed.

As it is mentioned above, if the simulated Turing machine M works in time
t(n) and log t(n) is space constructible, then IT; can be constructed using space
logt(n). As a particular case, it means that if ¢(n) is a polynomial function, then
II,; is a (DLOGTIME, L)-uniform family of P systems. Likewise, if t(n) is an
exponential function, then ITy, is a (DLOGTIME, PSPACE)-uniform family.

It remains as an open question if (DLOGTIME, SPACE(logt(n)))-
uniformity in Theorem 1 can be strengthened to (DLOGTIME, L)-uniformity
(i-e., whether the construction of IT; can be done using logarithmic space what-
ever is the running time of M). In our construction membrane division rules are
not employed. Nevertheless, even if we used these rules, it is not clear how the
tape-membranes or the membrane structures in them could be constructed using
logarithmic space. This might be a subject of further research.
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Abstract. Blotting turns out to be a rather common and effective ap-
proach in molecular information processing. An initial pool of molecules
considered as sets of individual data becomes spatially separated accord-
ing to the presence or absence of specific attributes like weight index or
chemical groups and labels. In this connection, molecules with similar
properties form a spot or blot. Finally, each blot can be visualised or
analysed revealing a corresponding score index or count from the number
of accumulated molecules. The entire variety of blots emerged over time
provides crucial and condensed information about the molecular system
under study. Inspired by the idea to obtain a significant data reduction
while keeping the essential characteristics of the molecular system as
output, we introduce blotting membrane systems as a modelling frame-
work open for numerous applications in data mining. By means of three
dedicated case studies, we demonstrate its descriptive capability from
an explorative point of view. Our case studies address particle-based nu-
merical integration which suggests a model for the synchronised 17-year
life cycle of Magicicadas. Furthermore, we exemplify electrophoresis to
carry out a variant of bucket sort.

1 Introduction and Background

From a technical point of view, biological information processing as well as molec-
ular computing and particle-based algorithms commonly result in a huge amount
of more or less raw data. Afterwards, an appropriate interpretation of these data
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sets from a holistic perspective towards evident conclusions turns out to be a
challenging task [14]. In many cases, this is due to the partly diffuse nature of
molecular processes at a mesoscale level. By means of this term, we summarise a
typical outcome of a measure or a direct observation obtained from an underly-
ing experiment or system under study. Interestingly, the majority of visualisation
techniques and analytical tools in biochemistry comprises a spatial separation of
molecules or particles based on relevant attributes or properties. For instance, an
electrophoresis spreads electrically charged molecules by their individual weights
[15]. Other attempts to capture a molecular system employ fluorescence labels
specifically attached to signalling molecules [4, 16]. Here, the spatial distribution
of these labels represents the overall behaviour of the system. In addition, high-
resolution microscopy in many facets sheds light on the geometrical location of
molecular clusters or even single molecules up to a nanometre scale [5].

All these techniques have in common that the number of molecules or parti-
cles present within predefined grid regions or accumulated towards distinguish-
able clusters gives the crucial information about the underlying system. Often,
the number of molecules needs to overcome a certain threshold before taken into
consideration for detectability. Finally, the number of molecules subject to a ge-
ometrical grid tends to be expressed by a kind of heatmap. Here, the range of
potential molecular amounts becomes divided into several disjoint intervals while
each of them is assigned to a corresponding colour or intensity value. Having a
look at the grid mostly reveals a collection of spots or blots in different size and
colour, sometimes partially overlapping, and almost certainly somehow blurry
or frazzled.

A variety of dedicated blotting techniques which emerged during the last
decades produces two-dimensional blot diagrams, sometimes also called blotting
papers [3,24]. The metaphor rather illustratively describes this form of data
representation, especially in case of prevalent Southern, Western, and Northern
blots [22]. These techniques allow among others a spatial separation of DNA
(deoxyribonucleic acid), RNA (ribonucleic acid), or labelled proteins from an
initial mixture according to their weights or according to the presence or absence
of oligomeric subsequences. In application scenarios with medical background,
resulting blot diagrams help to identify whether or not certain viral infections
or gene mutations occurred. Both reasons can imply synthesis of malformed,
functionally insufficient proteins [26]. From the percentage of malformed proteins
in comparison to the total amount, a stage or degree of the damage can be
hypothesised if there is enough empirical, statistical, or deducible significance.

The effect of spatial blotting can also be seen in nature. Control of cell differ-
entiation and proliferation in the embryo of the fruit fly Drosophila melanogaster
gives a fascinating example [25]. The underlying processes manage the formation
of embryonic patterns from the fertilised egg [23]. Embryonic patterns mark an
essential intermediate state in the morphogenesis of the organism which leads
to its functional structures and appendages. Beyond the body proportions, also
shape, positions and size of head and thorax and more fine-grained, those of
organs like eyes and wings during maturation become mainly determined by
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anteroposterior axis anteroposterior axis dorsoventral sides

Fig. 1. Schematic representation of an embryonic pattern in the fertilised egg of the
fruit fly Drosophila melanogaster. The pattern forms a 7 x 4-grid whose 28 coordi-
nated regions are characterised by individual presence of specific cytokine combinations.
Along with cell differentiation and proliferation during maturation, functional struc-
tures and appendages of the organism emerge from corresponding initial regions of the
embryonic pattern. It constitutes the anteroposterior axis together with its dorsoven-
tral sides as well. Graphical respresentation inspired by fluorescence microscopy images
(Hox coordinate gene expression states) in [25].

embryonic patterns. In simple terms, the embryonic pattern quite precisely de-
fines a geometrical grid throughout the longitudinal (anteroposterior) axis and
orthogonally along the so-called dorsoventral sides, see Figure 1. In the first
developmental stage, the embryonic pattern separates seven dedicated regions
anterioposterially and four regions dorsoventrally. Each of these regions is char-
acterised by a specific mixture of a number of proteins called cytokines whose
individual concentrations are spatially distributed according to the regions. Typ-
ically, within a region a total amount of one up to three different cytokines
exhibits a high concentration while all other cytokines persist in low concentra-
tions. The grid-like spatial distribution of cytokines results from an underlying
expression scheme of so-called coordinate genes. The activation of these genes
is controlled by a reaction cascade in several phases along a predefined time
course. The activation cascade starts simultaneously from both opposite tips of
the embryo triggered by the zygote (fertilised egg cell) in concert with environ-
mental stimuli. In terms of a systemic understanding, the process of embryonic
pattern formation reflects the functionality of categorised counting. Here, the
categories symbolise all single regions from which the grid is composed of, while
the ratios of individual cytokine concentrations accumulated within each region
indicate its spatial position inside the entire grid. In other words, each region
can be identified by a specific index (count value) estimated from the involved
cytokine concentration gradients. In subsequent phases of maturation, the initial
embryonic pattern becomes more and more refined. To do so, the cytokines act
as transcription factors specifically activating those parts of the genome whose
resulting proteins lead to differentiated cells forming the variety of body struc-
tures.

All scenarios addressed here so far share a common essential principle con-
sisting of three consecutive steps:

1. Particles or molecules which represent a pool of data create spatially dis-
tributed blots of diverse size or density. In a general term, this step is called
clustering. Initiated by a more or less complex interplay of physical processes
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like transduction or diffusion mainly in conjunction with (bio)chemical re-
actions, clustering follows known principles of natural laws but can be en-
riched by stochastic effects. This stochasticity causes a certain bias inflating
the amount of raw data. In order to enable a later analysis, the geometri-
cal location of each cluster needs to be captured in an appropriate manner.
Most simply, the boundaries of each cluster might be marked a priori. In
case the expected cluster positions remain unknown until the clustering is
completed, a subsequent classification turns out to be the method of choice
instead, especially if there is evidence of (partially) overlapping blots.

2. The number of relevant molecules within each cluster defines a dedicated
qualitative score like a colour intensity or just an index for instance. This
step can be covered by the term counting. The ability to carry out count-
ing comes along with a previously finalised categorisation. To this end, a
predefined setting of available categories becomes identified which in turn
specifies the domain of potential and acceptable scores. A final set of dis-
tinct greyscales or a range of discrete measurement readings give typical ex-
amples for categories. Eventually, counting maps the molecular abundance
into the corresponding category. Hence, we obtain a more or less tremen-
dous data reduction. Afterwards, each cluster exhibits its count as essential
information.

3. Based on the clusters together with its corresponding counts, the final step
comprises the generation of system’s response. Living organisms taken as
natural systems like the fruit fly exhibit a special behavioural pattern like
maturation for response. In contrast, man-made systems like electrophoresis
chambers request an external mathematical analysis instead, mostly statis-
tics or deduction. Anyway, a computation typically takes place having the
response as output.

We say that a system operating in this manner performs categorised count-
ing. Inspired by numerous further examples, the idea arises whether this common
behavioural principle can be advantageously captured by a consistent dedicated
description framework. Therefor, the notion of a P system [20] seems to be
an ideal candidate due to its multiset-based nature. A multiset inherently sup-
ports the strategy of categorised counting: Elements reflect the categories while
its multiplicities stand for the corresponding count. Clustering is expressed by
accumulation of elements into the underlying multiset. Putting all necessary
descriptive ingredients together will lead us to the introduction of blotting mem-
brane systems, a new class of P systems aimed at formalisation of categorised
counting. The level of abstraction taken into consideration should be balanced
in order to cope with the computational complexity of multiple particle systems
entering the clustering process. The main focus is laid to facilitate explorative
in-silico studies able to extract a condensed but sufficient description of the sys-
tems behaviour and/or possible conclusions from a (huge) set of slightly biased
raw data. Having in mind that particularly the response stage in categorised
counting might incorporate statistical techniques and deductive methods ap-
plied to an initial set of data, blotting membrane systems can open the field of
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data mining [8,10] for membrane computing. To our best knowledge, this is the
first attempt to primarily addressing this line of research.

In Section 2, we familiarise the reader with the formal definition of blotting
membrane systems together with all required prerequisites. Hereafter, three case
studies selected from different facets of molecular information processing demon-
strate the descriptive capability. We start with an initial example, particle-based
numerical integration, presented in Section 3. This feature in addition with a
limiting threshold is sufficient for a simple behavioural model on how insects of
the species Magicicada can count a time span of rather exactly 17 years which
comprises the synchronised life cycle of all individuals within the population.
Section 4 is dedicated to electrophoresis, a commonly used technique to arrange
electrically charged molecules by their weights. The resulting systems behaviour
resembles the algorithmic strategy of bucket sort. A final discussion concludes
benefits as well as open questions for future work.

2 Blotting Membrane Systems

Formal Prerequisites

Let A and B be arbitrary sets, () the empty set, N the set of natural numbers
including zero, R the set of real numbers, and R the set of non-negative real
numbers. A and B are disjoint (share no common elements) iff AN B = 0.
The Cartesian product A x B = {(a,b) | a € AANb € B} collects all tuples
from A and B. For A x A, we write A2 for short. The term card(A), also writ-
ten as |A|, denotes the number of elements in A (cardinality). A multiset over
A is a mapping F' : A — N U {+oo}. Multisets in general can be written
as an elementwise enumeration of the form {(a1, F(a1)), (a2, F(ag)),...} since
Y(a,b1),(a,bz) € F : by = by. The support supp(F) C A of F is defined by
supp(F) = {a € A| F(a) > 0}. A multiset F over A is said to be empty iff
Va € A: F(a) = 0. The cardinality |F| of F over A is |F| = Y F(a).
a€A

Definition of Systems Components

A blotting membrane system is a construct

[T]=(P.L,C,By,..., Bic), S, R, x) (1)

whose components mimic all ingredients of categorised counting, namely

spatially distributed particles equipped with labels,
resulting blots acting as categories,

— score values (counts) according to each category, and
— a response as follows:
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We assume that the systems input consists of a final set of particles arbitrarily
located at a two-dimensional, not necessarily bounded grid. Therefore, each
particle carries its grid coordinates (Cartesian or by generic system) together
with an individual label (like weight index or presence of a chemical fluorescence
marker) beforehand responsible for processing the spatial separation.

L arbitrary set of available labels

P CR xR x L |final set of particles, each of them specified by grid position
and label

By means of the components C' and By, ..., Bj¢|, we capture the arrangement
of particles into blots as well as the assignment of categories to the blots.

C arbitrary set of available categories either defined explicitly or
obtained implicitly as result of a classification over P

: entirety of blots, each of them specified by the accumulated
Bjg  C P particles

In simple cases, the number of categories |C| can be set explicitly, particularly
in those studies which enable a precise prediction of the expected blots due to a
sufficient knowledge of the systems behaviour. More elaboratively, the number
of categories can result from a classification process taking into account spa-
tial distances (or distance measures) between all or selected particles. To this
end, a distance matrix of the incorporated particles is created first making each
particle its own singleton category for the beginning. Out of the matrix, those
two particles exhibiting the minimal distance to each other become identified.
They are removed from the matrix by being merged into a common category.
This new category is placed in the distance matrix again. This comes along with
filling its distances to all other categories present in the matrix. There are dif-
ferent calculation schemes on how to obtain these distance updates originating
a variety of classification approaches [6]. By iterating the merge of two nearest
categories, the total number of categories decreases more and more. Usually, the
merging process stops after a certain distance threshold is reached or a desired
final number of categories emerged (agglomerative hierarchical clustering, [11]).

We denote the blots by the family of sets By until Bj¢|. If the condition
ﬂ‘zi‘l B; = 0 holds, the blots are said to be non-overlapping. Please note that

the blots do not need to be necessarily disjoint. In general, a particle is allowed
to be part of several (overlapping) blots.

S:C—N multiset subsuming the score values (counts) over all categories

R arbitrary set specifying the response domain

r: NI°T — R [response function

The multiset S appears to represent the central part of the blotting membrane
system since its core functionality of data reduction by categorised counting is
expressed here. Typically, we choose S(c) = |B,.| for all ¢ € C. In order to finalise
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systems description, we still need to formalise its response. In this context, we
initiate a response domain R capturing the whole of potential systems outputs.
Based on that, the response function r analyses the counts of all categories.
Finally, it derives the corresponding response. This step might include statistical
tests and/or some dedicated reasoning. Hence, the formal description of function
r within application scenarios might become rather extensive.

A Toy Example: Particle-based Approximation of Constant = =~ 3.14

Using a toy example, we illus-
trate the formalism of blotting mem-
brane systems. To this end, we ex-
emplify a simple particle-based ratio-
nal approximation of the mathemati-
cal constant 7. This application sce-
nario utilises a square-shaped under-
lying grid equipped with Cartesian co-
ordinates along with a centered point
of origin. The grid inscribes a cir-
cle, for simplicity we choose a radius
whose unit of length equals to 1. Now,
a huge number of particles is ran-
domly distributed on the underlying
grid taking care that an equipartition
of the particles is met. The equipar-
tition ensures a spatial homogeneity.
Those particles placed within the cir-
cle form a blot with a corresponding
category on its own, see Figure 2. Beyond that, all particles in the whole grid are
considered as a (partially overlapping) blot as well substantiating a second cat-
egory. Towards an approximation of m = 3.14159265. .., we only need to count
the number of particles in both categories. Since the circle with radius 1 covers
an area of m while the grid constitutes 4 surface units. As an approximation, we
end in the responding relation:

Fig. 2. Particles randomly distributed
in spatial equipartition on an under-
lying square-shaped grid. The number
of particles placed within the inscribed
circle in comparison to the total number
of particles provides a rational approx-
imation of the constant .

T number of particles placed within the circle

4 number of particles in total on the whole grid

Let us now formulate the dedicated blotting membrane system. To do so,
we assume to have enough previously scattered particles P at hand whose co-
ordinates come either from a numerical simulation based on a (pseudo) random
number generator or from direct physical measurement. We employ a uniform
label [ for all particles. A resulting system might read:

: (P,L,C,By,...,Bjc),S, R,r) with
L={l}



224

P = {(0.70191, —0.21355, 1), (0.02273,0.91508, 1), . . . , (—0.45160, 0.52241, 1)}
C={6,4}
Bo = {(z,y,1) | (z,y,1) € PA2* +3y* <1}
Ba ={(z,y,) | (x,y,)) e PAJz| < 1Ayl <1}
S(¢) = |B.| Ve € C
R=R
S5(©)

r(S) = @

A simulation case study discloses following numerical results for instance:

|P| S(®) S([)|rational approximation r of 7
10,000 7,928 10,000f 3.1712... (2 reliable digits)
1,000,000  785,502| 1,000,000 3.1421... (3 reliable digits)
100,000,000{78,542,447|100,000,000| 3.1417... (4 reliable digits)

Obviously, an ascending number of particles involved in the system leads to a
higher accuracy of the approximation. Nevertheless, we are aware of the slow
convergence behaviour. An additional decimal digit of 7 reliably figured out by
the blotting membrane system requires a 100-fold increase of the total particle
number due to the two-dimensional nature of the experimental setting. Of
course, the numerical precision of particle coordinates needs to be adapted as
well.

3 Particle-based Numerical Integration

An evident application of cate-
gorised counting for molecular compu-
tation can be found in particle-based
numerical integration. Enhancing the
idea of a particle-based rational ap-
proximation of the constant 7 intro-
duced in the previous section, we pre-
pare a two-dimensional grid with the
complete course of the desired real-
valued function f : R — Ry to be
integrated numerically within a range
[a, b] of interest, see Figure 3. Subse-
quently, a huge number of particles
becomes consistently scattered over
the whole grid producing a spatially homogeneous particle distribution. Within
a separate category, the number of particles placed below the function course
of f is achieved by counting. Its amount in comparison with the total number
of particles on the whole grid offers a rational approximation of the numerical
integral to be calculated:

Fig. 3. Operating scheme of a particle-
based numerical integrator
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number of particles placed below the function course of f

b
[ f(z) dz
h-(b—a) number of particles in total on the whole grid

Written as a blotting membrane system, we obtain for instance (particle coordi-
nates adjusted to h = 10,a = 0,b = 10):

[[I]=(P,L,C,B,...,Bg|, S, R,r) with
L={l}
P = {(3.46119,1.83835,1), (0.92240, 2.70318, 1), .. ., (4.07919, 3.95624, 1)}

C:{I’D}

Bp={(z,y,)) | (m,y,l) e PNz >anz<bAy>0Ay<f(z)}
B ={(z,y,1) | (z,y,)) ePANz>anz<bAy>0Ay<h}
S(c) =|B.| Vee C

R=R

r(S)h~(ba)~§((é))

An impressive example for biological exploitation of numerical integration is
inspired by cicadas, insects of the species Magicicada. Populations in northern
America share a synchronous life cycle of 17 years while those in central America
prefer 13 years [18]. Most of its existence is spent underground in a dormant state.
Shortly before the end of the life cycle, all the adults of a brood emerge at roughly
the same time to reproduce for several weeks. After laying their eggs, the adults
die off and the cycle begins again. What stands out is that 17 and 13 are prime
numbers, which suggests that the reproduction period does not coincide with the
life cycles of potential predators. The simultaneous mass awakening of a brood
also ensures that predators are overwhelmed by the number of cicadas so that
a large number can survive. In order to guarantee a concerted awakening of all
members of a brood, the species needs a precise molecular mechanism to measure
the passage of the appropriate amount of time. Since it seems that there is no
external stimulus with a natural period of 13 or 17 years, its exact estimation
exclusively based on annual or even shorter cycles becomes a complicated task
[28].

There is some evidence for a potential annual stimulus utilised by periodical
cicadas: sap circulating through the root capillars. Its intensity alters between
high abundance during the growth period and almost absence during winter [7].
Cicada larvae could make use of the sap for nutrition while metabolic byprod-
ucts accumulate in terms of a numerical integration from its temporal course.
Following this idea, the byproducts would persist within one or several vesicles
whose outer membranes are going to burst after its content has reached a certain
mass.
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Fig. 4. Schematic representation of a molecular numerical integrator possibly residing
in periodical 17-year cicadas for control and synchronisation of population life cycle

Up to now, we failed in retrieving detailed scientific publications on hypoth-
esised or even verified mechanisms. A more or less speculative model aims at a
combination of two processes, a slow growth on the one hand and a threshold
on the other. Growth means a successive accumulation of a dedicated species.
As soon as its concentration exceeds an inherently set threshold, the finalisation
of the life cycle is initialised indicating the elapsed amount of 17 years. A suc-
cessive accumulation organised for instance in annual cycles is useful for a high
precision. To this end, a core oscillator (like periodical sap cycle) could provide
an annually altering signal of the form a + sin(bt) subject to time ¢. A simple
signal integration then produces a temporal course of the form at — % -cos(bt)+C
with a successive, staircase-shaped growth, see Figure 4.

The molecular alert after reaching the threshold could initiate a signalling
cascade which in turn releases trigger molecules into the environment. The trig-
ger molecules on their own could interact by a special form of quorum sensing
[2,19]: A cicada larva needs to perceive enough trigger molecules in conjunction
with having met its inherent threshold in order to finalise its life cycle. This
finetuning synchronisation strategy seems to be sufficiently robust but never-
theless, it is more prone to premature or late alert than a discretely operating
n-ary counter which in contrast requires a large and complex reaction network
[13]. In simulation studies, we empirically found out that annual variation of
byproduct increase within a range of approx. —2.80%... + 2.97% can be tol-
erated by sinusoidal numerical integration keeping the point in time when the
threshold is reached within the growth period of year 17 (Figure 4, right part).
Furthermore, a numerical integrator in concert with a finetuning sensing mech-
anism for population-wide synchronisation is sufficient to toggle the life cycle
between a variety of years by a low number of slight evolutionary changes. Hav-
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ing this feature at hand, it becomes plausible how a widespread range of life
times could emerge where those forming prime numbers resist the evolutionary
selection driven by predators.

Let us now formalise the speculative model using a blotting membrane system
which is focused on alerting life cycle finalisation. Here, the categorised counting
mechanism needs to distinguish the accumulated byproduct (A) on the one hand
and the sensed trigger molecules (T) on the other. To this end, we employ two
molecular labels A and T', respectively. The underlying grid is symbolised by a
plan view into the soil (arbitrarily chosen: 0 <z < 8 and 0 < y < 3). A spatial
cluster of byproducts A (maximum cluster inherent distance: 0.03) marks the
position of a cicada larva. Within a local circular environment (maximal distance:
0.8), it detects trigger molecules. Systems response comprises overall alerting on
life cycle finalisation:

[1I]=(P,L,C,By,...,Bi,S,R,r) with
L={AT}
P ={(1.123,1.992, A), (1.125,2.001, A), ..., (4.338,0.874,T)}
C =UBy, withl € L
Bz ={(z,9,4) | (x,y,A) € PAV(a,b,A) € P : (x—a)®+ (y—b)*> <0.03}
whereas
T = B(1A| . Z r and Y= |B7717| . Z Y
z9:4) (z,y,1)EB(z,7,4) @.5,4) (z,9,)€EB(z,5,4)
m ={(z,y,T) | (z,y,T) € PA(z —7)° + (y —7)* < 0.8}
S(Z,y,A) = |D| with
D ={Bgg,4) | |Bzg,a)l > thresholda A |B(z 57| > thresholdr}
R=N
r(S) = |supp(9)]

Figure 5 illustrates the formalism. P is composed of all dark dots, small ones
and ellipsoidal ones. Small dots represent accumulated byproducts A arranged
in four clusters while ellipsoidal dots exhibit trigger molecules T, all of them
spatially distributed on a grid (soil). The classification identifies four byproduct
categories corresponding to the clusters. They are named in accordance to their
central coordinates: B2 a), B(3,1,4), B(5,1.5,4), B(7,1,4)- Each of them stands
for a cicada larva surrounded by a circular environment which sensibilises for
trigger molecules: By 2 1), B(3,1,7): B(5,1.5,17), B(7,1,1)- Especially, Bz 17y = 0
since there are no trigger molecules here. Let us require at least 20 byproduct
molecules to form threshold 4 and at least 5 trigger molecules for thresholdp.
Multiset S decides for each larva whether or not it exceeds both thresholds:
S ={((1,2,4),1),((3,1,4),1), ((5,1.5,A),0), ((7,1, A),0)}. The final response
provides the number of larvae alerting finalisation of life cycle, here r(S) = 2.
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» intracicadially accumulated byproduct (A)

Fig. 5. Fictive cicada population given by a two-dimensional distribution of trigger
molecules (T) released by three cicadas and individually accumulated byproduct (A).
Central positions of cicadas were chosen randomly, molecules T and A also randomly
placed within and around circular regions assigned to each cicada. Trigger molecules
T reflect outcome of a potential quorum sensing process at a fixed point in time.

4 Electrophoresis: A Molecular Bucket Sort

Electrophoresis subsumes a physical technique able to spatially separate elec-
trically charged molecules by their weights [15]. Particularly, DNA (negatively
charged) and many naturally originated proteins (twisted and folded chains of
amino acids whose electrical charge is mainly determined by outer amino acid
side chains) are beneficial candidates for widespread applications in molecular
biology and chemical analysis [27].

Mostly, electrophoresis takes place within a special physical medium like a
gel which carries and steers the molecules during the separation process. To do
so, the gel is prepared in a way to be equipped with numerous pores forming
woven channels or tunnels sufficiently sized to allow passage of charged sample
molecules. For instance, agarose is commonly used to compose a gel suitable
for electrophoresis on DNA. The fibre structure of agarose enables pores whose
diameter usually varies between 150 and 500 nanometres while a DNA strand
(in biologically prevalent B-DNA conformation) diametrally consumes merely 2
nanometres but its length can reach several hundred nanometres [9]. The ready-
made gel, typically between 10 and 30 centimetres in length or width and up to 5
millimetres thick, is embedded in a gel chamber filled up with a buffer solution in
order to adjust an appropriate pH environment. The gel chamber comes with two
electrodes, a negative one and a positive one, placed at the opposite boundaries
of the gel, see Figure 6.

Subsequently, the sample mixture of DNA strands to be separated becomes
injected into the gel close to the negative electrode. Now, an electrical direct-
current (DC) voltage, provided by an external power supply and mostly chosen
between 80 and 120 volts, is applied to the electrodes. Driven by the electri-
cal force, the negatively charged molecules begin to run towards the positive
electrode along a lane through the pores of the gel. In order to mobilise, each
molecule has to overcome its friction notable in both forms, with the gel on the
one hand and inherently on the other. Interestingly, the resulting velocity of
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Fig. 6. Sketching technical instruments and outcome of agarose gel electrophoresis.

movement strongly depends on the mass (weight) of the individual molecules.
Since small and light molecules induce a low friction, they run faster than heavier
exemplars. This distinction finally effects the resulting spatial separation accord-
ing to the weights of involved charged molecules. The process of electrophoresis
is stopped by switching off the voltage shortly before the smallest molecules have
reached the opposite end of the gel. For an easier visualisation of this process,
the molecular mixture initially becomes enriched by a weakly binding dye whose
velocity converges in compliance with the smallest sample molecules [27].

In addition, the DNA sample molecules had been stained using a fluorescence
marker like ethidium bromide [21]. This substance loosely binds to the hydrogen
bonds of double-stranded DNA and persists at the DNA during the electrophore-
sis run. Ethidium bromide attached to DNA fluoresces under ultra violet (UV)
light making the DNA visible inside the gel. Typically, the DNA after elec-
trophoresis is arranged in so-called bands (sustained bar-shaped blots) along the
underlying lane. Normally, these bands appear in light-grey up to white colours
on a dark gel background. The colours intensity gives a raw information on the
absolute number of molecules of almost the same mass accumulated within each
band, see Figure 7, left part. In a first and mostly sufficient approximation, gel
electrophoresis can be modelled by an obvious equation. The electrical force Fg
needs to overcome the friction Fgr. Movement of charged molecules starts up iff
both forces are almost in parity to each other with slight (negligible) emphasis
on Fg:

Fg > Fg, in good approximation Fg = Fg

Now, we can resolve both forces by formulating its strength using a couple
of dedicated parameters. The electrical force is defined as the product of the
molecular electrical charge g with the electrical field £ which in turn can be
measurably expressed by the quotient of the voltage U and the distance h be-
tween the electrodes: Fp =q-FE =q- % In contrast, the friction in accordance
with Stokes’ law reads: Fr = 6-7-n-r-v assuming movement of a sphere where
7 denotes the radius, v symbolises its velocity, and 7 stands for the viscosity of
the medium, mainly reflecting the average size of the pores. The velocity can
be assumed to remain almost constant after a short acceleration phase in con-
junction with switching on the electrical voltage. Putting everything together
reveals:

q-B
v =
6-7m-n-7r
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The only indetermined parameter is the radius r of the anticipated sphere
respresenting the moving charged molecule. In order to cope with that, we can
imagine that the volume Violecule Of the charged molecule resembles the volume
Visphere Of the anticipated sphere. Having this in mind, we can write Vinolecule = %
with m denoting the mass (weight) of the molecule and p its density. Moreover,

Viphere = % -7 - r3. From that, we obtain:

1
r= 3 my*
S \4-m p

Let us now compose a resulting function s : R? — R which describes the
distance moved by a charged molecule with mass m after an elapsed time t¢:

s(m,t)=v-t
- E
B
- 3
6-7r-77<43_7r.p)
E 1
- e« B 1,
3 3 n ms3s
6-m- —4%0)
—_— ——
taken as global parameter ¢
E 1
=G - = —t
n ms3s

For DNA agarose gel electrophoresis, the electrical field E frequently con-
stitutes between 400% and 500% while the viscosity commonly differs from
k . . . k .
ODOlnTi (consistency like water in large-pored gels) up to 0.02m—‘f§'S in small-
meshed gels enhancing the friction along with producing heat. From empirical

1
studies, we fitted a constant average value of approx. 6.794 - 10*4‘“% for G
in agarose gel electrophoresis on double-stranded non-denaturing DNA. When
employing the molecule mass m in kg along with elapsed time t in s and re-
membering that 1VAs = 1kgs'§’12, the final value of the function is returned in
metres.

By means of a complementary study, we face the mathematical model with
corresponding experimental data captured within a blotting image. This study
is dedicated to demonstrate that electrophoresis can be interpreted to execute a
variant of bucket sort which ascendingly arranges the involved charged molecules
by their masses. In concert with the notion of a blotting membrane system, we
exploit the aforederived function s(m, t) for geometrical definition of the buckets,
each of them representing a region on the gel assigned to a cluster. For the ex-
periment, we utilise a predefined mixture of double-stranded DNA whose strand
lengths reach from 100 base pairs (bp) up to 1000bp in steps of 100bp. Addition-
ally, the sample contains strands with 1200bp and 1500bp. The whole sample
acts as a so-called DNA ladder made from a cleaved plasmid (100bp standard
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Fig. 7. Left: 100bp ladder with DNA bands visible in agarose gel. Bands at 500 and
1000bp emphasised by enhanced DNA concentration. Right: Dithered image taken
from gel photo. Based on an underlying coordinate system in metre scale, altering
background regions By up to Big define regions (buckets) in which the DNA molecules
accumulate forming bands arranged as non-overlapping blots. DNA bands with more
than 1000bp neglected in dithered image.

ladder by New England BioLabs) composed of an almost uniform distribution
of the nucleotides A, C, G, and T.

In order to disclose the relation between mass of a DNA double strand and
its length in base pairs, we need to consider the average mass of a nucleotide.
Indeed, there are slight mass deviations between single nucleotides A (Adenine,
~ 5.467 - 10~2°kg), C (Cytosine, ~ 5.234 - 10~2°kg), G (Guanine, ~ 5.732 -
10~%%kg), and T (Thymine, ~ 5.301 - 10~?°kg). Each nucleotide mass comprises
the chemical base together with its section of the sugar-phosphate backbone. In
average, we obtain =~ 5.4335 - 10~2%kg per nucleotide or ~ 1.0867 - 10~2%kg per
base pair. Marginal influences of dye and ethidium bromide are neglected.

The left part of Figure 7 depicts the agarose gel image under UV light mak-
ing visible the individual DNA bands arranged within the lane after running
the electrophoresis for 2700 seconds (45 minutes). Each band corresponds to a
predefined strand length. Using the gel image, a simple dithering (selectively ap-
plied to all bands between 100 and 1000 base pairs) generates a set of uniquely
located dots from the bands, see right part of Figure 7. The dots are equipped
with geometrical coordinates. At that stage, we have everything at hand to fi-
nally formulate the blotting membrane system from the experiment (running
conditions F = 400¥,n = 0.00lﬁ):

[1I]=(P,L,C,Bi,...,Bic),S, R,r) with
L={1}
P = {(0.143,0.082,1), (0.142,0.077,1), ..., (0.714,0.079,1)}
C={1,...,10}
B; ={(z,y,l) | (x,y,]) € P A
s ((100 - i — 50) - 1.0867 - 10724,2700) > = A
z > ((100 -4+ 50) - 1.0867 - 10724,2700)}  Vie C
S(c) = |Be| Ve e C
R =NI°I
r(S) = (S(1),...,5(10))
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5 Discussion and Conclusions

Along with a couple of case studies we demonstrated the descriptive practicabil-
ity of blotting membrane systems. The main advantage of this formalism consists
in its capability of tremendous data reduction. From a large number of geomet-
rical dot coordinates together with some auxiliary data, a rather condensed
systems output can be achieved retaining the crucial behaviour and characteris-
tics of the system under study. For instance, in case of numerical integration, an
amout of several million individual dots taken as systems input becomes com-
piled forming a single rational number which stands for the resulting integral
value.

In its present form, blotting membrane systems behave in a more or less
static manner. Recently, they lack any temporal or dynamical aspect [1,12,17].
A promising extension could take into account a possible progression of the blots,
spots, and dots over time. From a modelling point of view, this feature might
be incorporated by creation of a finite automaton whose states are blotting
membrane systems. Using periodical trigger signals or by means of signalling
events, a dedicated state transition from the previous system to its successor(s)
could help to trace clusters together with its counts along a time line.

We believe that membrane computing as an innovative field of research sus-
tainably benefits from a plethora of real-world applications making the underly-
ing algebraic formalisms a powerful toolbox to cope with challenges in managing
big data. Categorised counting can be seen as a technique of data mining which
combines the possibility of massively parallel data processing promoted in mem-
brane computing with exploitation of statistical or deductive methods. Futural
studies will be intent upon strengthening this fruitful relationship.
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Abstract. Polymorphic P systems represent a variant of the bio-inspired
computational model of P systems, in which the rules are not explicitly
given in the description of the system, but are implicitly defined by the
contents of certain membranes. In this paper we give a characterisation of
the most basic class of such systems, in which only non-cooperative rules
are allowed and no ingredients are included. We start by formulating two
different formal definitions of non-cooperativity and then show that they
are equivalent. We also define the upper bound on the generative power
of polymorphic P systems and, finally, show that the languages produced
by such systems form a hierarchy related to the maximal allowed depth
of the membrane structure.

1 Introduction

Membrane computing is a fast-growing research field opened by Gh. Paun in
1998. It presents a formal framework inspired from the structure and function-
ing of the living cells. In the paper [1], yet another relatively powerful exten-
sion to the model is defined, which allows the system to dynamically change
the set of rules, which is thus not limited to some finite prescribed set of candi-
dates. There were three main motives for this extension. Firstly, experience shows
that “practical” problems need “more” computing potential than just computa-
tional completeness. Secondly, a very important computational ingredient was
imported from computer science: the approach in which both the “program” and
the “data” are represented in the same way. And finally, such an extension cor-
relates with the biological idea that different actions are carried out by different
objects which can, too, in their turn, be acted upon. The full motivation as well
as references to related papers are given in the cited work [1].

In this paper we give a characterisation of the most basic class of polymorphic
P systems, which only relies on non-cooperative rules and does not include any
ingredients. We start by formulating two different formal definitions of non-
cooperativity and then show that they are equivalent. We also define the upper
bound on the generative power of polymorphic P systems and, finally, show that
the languages produced by such systems form a hierarchy related to the maximal
allowed depth of the membrane structure.
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The motivation for examining the class of polymorphic P systems with non-
cooperative rules without any additional ingredients but polymorphism itself is
twofold. On the one hand, since this is the most restricted variant of polymorphic
P systems, and thus understanding its computing power is important for under-
standing the computing power of the general variant. On the other hand, poly-
morphic P systems without ingredients and with non-cooperative rules turn out
to be more powerful than conventional transition P systems with non-cooperative
rules. In fact, polymorphism enables some otherwise very restricted models to
generate rather “difficult” superexponential number languages. Given that an
actual software implementation of polymorphic rules does not seem to require
essentially more resources than that of invariant rules, restricted variants of poly-
morphic P systems may turn out practical to use in solving certain real-world
problems. We would expect to find such applications in the domains in which
massive parallelism is required, because non-cooperative rules are intrinsically
easy to parallelise.

2 Preliminaries

2.1 Formal Languages and Complexity Theory

In this section we recall some of the basic notions of the formal language and
complexity theories. For a more comprehensive overview of the mentioned topics
we refer the reader to [3,7,8,2].

A (non-deterministic) finite automaton is the tuple

A= (Q,E,57QO,F),

where @ is a finite set of states, X is a finite set of input symbols, § : Q x X — 2¢
is the transition function, gg is the initial state of the automaton and F' is the
set of final states. The automaton starts in the initial state gy and examines the
input tape symbol by symbol. If it finds the symbol a € X in state ¢; € @, it
transitions in a non-deterministic way into one of the states from the set 6(g;, a).
If, at a certain step, the automaton is in state ¢; and is reading a symbol a such
that §(g;,a) = &, it halts. The automaton A is said to accept (recognise) only
those inputs for which it consumes the input entirely and halts in a final state.

We will refer to the families of sets which can be recognised by a finite
automaton as regular families.

Let V be a finite set. A finite multiset w over V is a mapping w : V — N,
which specifies the number of occurrences of each a € V. The size of the multiset

is defined as |w| = > w(a). A multiset w over V can be also represented by any
acV
string x such that it contains exactly w(a) symbols a, for all @ € V. The support

of w is the set of symbols which appear in it: supp(w) = {a € V | w(a) > 0}.
Given two multisets « and y over the same alphabet V| x is called a submultiset
of y, written =z <y, if x(a) < y(a), for all a € V. If 2(a) < y(a) for some a € V,
x is called a strict submultiset of y, written as z < y.
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Let f and g be two functions defined on a subset of real numbers. We write
f(z) € O(g(x)) if and only if there exists a positive real number M and a real
number zq such that |f(x)] < M|g(z)| for all x > 5. We write f(z) € O(g(z))
if there exist positive real numbers k; and ks, and a real number xq, such that
k1-g(x) < f(x) < ko - g(x), for all x > xp.

We will now define the notion of a polymorphic P system without ingredients.
For the original definition we refer the reader to [1]. For a general introduction
to P systems, the reader is referred to [4,6]. For a comprehensive overview of
the domain, we recommend the handbook [7].

A polymorphic P system is defined as a tuple

II = (07 Ta My, Ws, W1L, W1R, + -+ s WmL, WmR, Z-out)z

where O is a finite alphabet and p is a tree structure consisting of 2m + 1
membranes, bijectively labelled by the elements of H = {s} U {iL,iR | 1 <
i < m}. The label s is assigned to the skin membrane. We require that, for
1 <7 < m, the membranes ¢ and R have the same parent membrane. Finally,
the set T C O describes the output objects, while i,,; € HU{0} gives the output
region, the symbol 0 standing for the environment.

The rules of a polymorphic P system are not explicitly given in its description.
Essentially, such a system has m rules, and these rules change as the contents
of the regions other than the skin change. Initially, for 1 < ¢ < m, the rule
i:w;;, — w;r belongs to the region defined by the parent membrane of iL and
iR. If w;, is empty, then the rule is considered disabled. For every step of the
computation, each rule is defined in the same way, taking the current contents
of i and iR instead of the initial ones. We sometimes refer to the membranes
iL and ¢R as to left-hand-side and right-hand-side membranes of the rule 1,
respectively.

For reasons of readability, we will often resort to graphical presentation of
polymorphic P systems. In such figures, we will not draw the membranes cor-
responding to invariable rules, but instead will write the rules directly, as it is
conventionally done for other P system models.

A polymorphic P system IT of degree n is said to be with strongly non-
cooperative rules, if, in any evolution, any of the membranes iL, 1 < i < m,
contains at most one symbol. A polymorphic P system II of degree n is said
to be with weakly non-cooperative rules, if, in any evolution, all rules which are
applied have exactly one symbol in the left-hand side.

Note that weak non-cooperativity allows left-hand sides of rules to contain
more than one symbol and only requires that, whenever this happens, the rule
be not applicable.

In our shorthand notation for classes of polymorphic P systems we will write
ncoos and ncoo,, to refer to the classes of polymorphic P systems with strongly
and weakly non-cooperative rules respectively. We will also specify the number
of membranes and whether disabling rules is allowed. Thus to refer to the fam-
ily of polymorphic P systems with weakly non-cooperative rules, in which rule
disabling is allowed, and which have at most k& membranes, we will write the
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following expression:
O Py (polym.4(ncooy,)).

If no bound on the number of membranes is specified, k is replaced by * or is
omitted. If disabling rules is not allowed, we write —d in the subscript of polym.

For weakly non-cooperative polymorphic P systems, not allowing the dis-
abling of rules would mean that all left-hand-side membranes are not empty at
any step of the evolution. In the case of strong non-cooperativity, the same re-
quirement would mean that no left-hand-side membrane ¢L contains an erasing
rule (a rule of the form a — A).

We would like to remark that, due to the inherently dynamic nature of rules of
a polymorphic P system, verifying whether the rules are weakly non-cooperative,
or whether they can be disabled, are not straightforward tasks. Indeed, deciding
if the rules are never disabled would mean checking if the languages gener-
ated in left-hand-side membranes contain the empty word. Proving weak non-
cooperativity is even more complex: it would require showing that, whenever the
contents of the left-hand-side membrane ¢L contain more than one symbol, this
multiset is not a submultiset of the contents of the parent membrane of iL.

The depth of a polymorphic P system is defined as the height of the membrane
structure p seen as a tree. Thus, a polymorphic P system which has no rules has
depth 1, a polymorphic P systems which has invariable rules is of depth 2, etc.
To refer to a class of polymorphic P system of depth limited to d, we add the
number d as a superscript the notation we have introduced above:

O P (polym  a(ncooy,)).

A polymorphic P system is called left-polymorphic if only left-hand sides of
the rules are allowed to vary. A polymorphic P system is called right-polymorphic
if only right-hand sides of the rules are allowed to vary.

In the notation we have introduced in the previous paragraphs, we will use the
symbols Ipolym and rpolym to refer to the classes of left- and right-polymorphic
P systems respectively.

Note that the effective implication of the definition of left-polymorphic P
systems is that no right-hand-side is allowed to contain any rules. The symmetric
statement is true for right-polymorphic P systems.

3 Strong and Weak Non-cooperativity

In this section we are going to show that the notions of strong and weak non-
cooperativity are equivalent, when no ingredients but disabling of rules are al-
lowed.

We start by proving an intermediate result concerning left-polymorphic P
systems of depth 3.

Lemma 1. Consider a left-polymorphic P system Il of depth 3 and with weakly
non-cooperative rules. Then, any weakly non-cooperative rule © of Il can be re-
placed with a strongly non-cooperative one without changing the generated lan-
guage.
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Proof. Consider a left-hand side membrane L of IT. If the contents of this
membrane do not change in any evolution, or do not ever include more than
one symbol, the rule ¢ is strongly non-cooperative. Suppose now that, at certain
evolution steps L may contain more than one symbol. Consider a computation
C of II and two configurations Cy and C,,, £ < m, such that in Cj and C),
the membrane iL contains at most one symbol, and none of the configurations
Ck+1,-- -, Cm—1 has this property. Suppose that in Cj, the membrane iL contains
an instance of x and in C,, it contains an instance of y or the empty multiset
A. Remember that, since the depth of IT is 3, the rules which appear in iL are
invariable, that is, they are normal context-free multiset rewriting rules. The fact
that such rules cannot be used for counting multiplicities of symbols motivates
the following construction.

Define the transition relation (—;z) C 29 x 29 on the subsets of the alphabet
O of II as follows. Consider the “flattened” version of the rules in iL, that is,
only consider the supports of the multisets defining the right-hand sides of the
rules. Now, for My, My C @Q, define M; —;;, M> to be equivalent to the fact that
the set My can be obtained from M; as a union of the right-hand sides of those
(flattened) rules in ¢L whose left-hand sides are in M;.

Consider a sequence (M;)1<i<k of subsets of O, such that M; —;;, M1,
1 < i < k — 1. Then, whenever iL contains a multiset with support M; there
exists an evolution of II in which, after k steps, i contains a multiset with
support Ms. Such an evolution can be obtained by always applying one kind of
rule to any symbol; e.g., if there are several instances of a and several rules with
a in their left-hand side, then we only apply one of the rules to all instances of
the symbol a.

Now turn back to our original pair of configurations Cy and C,,, and consider
the case in which, in C,,, iL contains the empty multiset. Some of the possible
evolutions of the contents of ¢L are given by the sequences M of subsets of O
which pairwise satisfy the relation (—;z) and in which the first subset is {z}
and the last one is @. We now claim that the length of a derivation of IT which
brings Cj into C,, corresponds to the length of such a sequence M. Indeed,
the evolutions of the contents of iL which are not directly modelled by chains
defined by (—;1) are those in which, at a certain step, different rules rq,..., 7,
are applied to different instances of the same symbol a. But then, the next
state of ¢L can be seen as modelled by all subsets of O which correspond to the
(possible) steps in which only one of the rules r1,...,r,, is applied.

Consider, for example, the multiset aa and two rules a — b and a — ¢. This
gives rise to the following two relations: {a} — {b} and {a} — {c}. Then we
say that these two relations model any transition from aa to a multiset derived
according to the shown rules.

Using this approach we can model any evolution of iL as a tree of subsets of
O. The height of this tree will be given by the length of the longest path from its
root, which is itself a sequence of subsets of O pairwise satisfying (—;1,). Thus,
the length of any derivation bringing an instance of x in ¢L to an empty set is
given by a length of a such sequence of subsets. Remember now that (—;z) is a
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finite relation, which means that there exists a finite automaton which recognises
the sequences defined by (—;z,).

To prove that a similar fact holds for the case in which the instance of x in iL
is transformed into exactly one instance of y in configuration C,, we will define
the extended transition relation (—};) C 29" x 29, where O’ = {a,d’ | a € O}.
Intuitively, the fact that a set M C O’ contains a primed symbol o’ will refer to
the fact that M represents a multiset that contains more than one instance of
a. The extended transition relation is defined in the following way.

For M C O, we consider all the multisets w which can be obtained by
applying the rules from ¢L to the multiset containing one instance of every
symbol from M. Then, for every such multiset w we build the set M’ C O’ in
the following way:

M ={a€O]|w()=1}U{d € O |w(a) > 1},

and we put M —/, M’ for every such M.

Now let M C O’ contain some primed symbols. First off, let R be the set of
“flattened” rules in ¢L (only take the supports of their right-hand sides); consider
also the set R’ which contains the same rules as in R, but operating on primed
symbols. We now build all the multisets which can be obtained by applying the
rules from R U R’ to the multiset containing one instance of every symbol from
M. For every such multiset w we build the set M’ in the following way:

M ={ae€O|w(a)=1}U{d € O |w(a) >1}U{d € O | w(d’) > 0},

that is, when we apply a rule to a primed symbol, all the products are kept primed
to indicate that, in the represented multiset there may be multiple instances of
them. Again, we put M —/, M’ for all such sets M.

The extended transition relation as we have defined it so far (—/;) allows
us to model the possible evolution scenarios of the contents of the region iL
in a way similar to (—;z). However, it does not yet capture the possibility
of deriving a single instance of y from a different symbol a present in more
than one copy in ¢L. To capture that possibility as well, we will further extend
(—%.). Based on the original set M and a primed symbol o’ € M, we will
define another set M, = (M U {a}) \ {a’} and we will construct the sets M, in
exactly the same way we constructed M’. We will then pair up those sets M’
and M/ which were obtained by applying two different rules (modulo primed
symbols) to a’ (respectively a), build the unions M’ U M/, of such pairs, and set
M —!; M'U M]. The way in which these unions are constructed permits us to
capture the situations in which only one instance of a is consumed by a rule,
while the other a’s were consumed by different rules.

Repeating the argument we made above about (—;z) for the situation in
which C), contains the empty multiset, we can conclude that the number of
steps between the configurations in which iL contains one instance of x and
those in which it contains exactly one y correspond to the length of chains
defined by (—},) starting at {} and ending at {y}. Therefore, there exists a
finite automaton recognising the heights of such trees and only them.
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From the existence of the finite automata recognising exactly the distances
in steps between the configurations in which iL contains one symbol or the
empty set, it follows that it is possible to replace the rules in iL by invariable
rules which have at most one symbol in their right-hand side and which model
the state transitions of the corresponding finite automaton, which implies the
statement of the lemma.

The previous lemma makes it possible to prove the following statement con-
cerning left-polymorphic P systems.

Theorem 1. NOP, (Ipolymq(ncooy)) = NOP,(Ipolymq(ncoos)).

Proof. Consider a left-polymorphic P system II with weakly non-cooperative
rules. We will prove the statement of the theorem by induction over the left-
hand-side membranes of IT. Our goal will be to describe the construction of the
counterpart of the extended transition relation from Lemma 1.

Consider such a membrane ¢L of IT that the sequences of symbols which may
appear in the left-hand sides of the rules in ¢L at the moments when they are
applicable can be recognised by a finite automaton (one per rule). Remember
that the right-hand sides of all the rules in I are constant. On the other hand,
the fact that the rules in iL are strongly non-cooperative implies that the to-
tal number of rules which may appear in iL is finite. This makes it possible to
construct finite (multi)sets of rules available in iL at a step of evolution. Fur-
thermore, all the sequences of rules made available by a pair of membranes jL
and jR contained inside ¢L are regular, and so are the sequences of (multi)sets
of rules made available in iL.

We will construct the transition relation starting from the first step of evo-
lution of iL. We will represent the contents at this step as a subset M of the
alphabet O’ extended with prime symbols and will list the sets M’ as we did in
the proof of Lemma 1, using the rules available at this step of evolution. Since
the sequences of sets of available rules are regular and since O’ is a finite set,
the sequences of sets defined by the newly-built transition relation are regular
as well.

We can now conclude that, if all the sequences of symbols which appear in the
left-hand sides of the rules in ¢L are regular, the distances between the steps in
which ¢L contains exactly one symbol or no symbols at all are regular. Therefore
it is possible to replace the rules in ¢L with invariable rules modelling the tran-
sitions of the said finite automaton. Together with Lemma 1, this observation
implies the statement of the theorem.

We would now like to prove the general result that polymorphic P systems
with weakly non-cooperative rules do not generate more number languages than
polymorphic P systems with strongly non-cooperative rules. It suffices to show
that the sequence of supports of the multisets representing the right-hand side
of a rule is regular. The following lemma captures this assertion.

Lemma 2. Consider a weakly non-cooperative polymorphic P system II, pick
a right-hand-side membrane iR of I, and consider the sequence of multisets
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(wi)1<i<n that appear in iR during an n-step derivation. The sequence of sup-
ports of these multisets is regular.

Proof. In the proof of Lemma 1 we have already seen that the statement we
would like to prove is valid for a membrane ¢R which only contains invariable
rules. Consider now such a membrane iR which contains rules whose right-hand
sides satisfy the statement of the present lemma and whose left-hand sides can
be modelled with one-symbol transitions (as in Theorem 1). We can adapt the
procedure we followed in the proof of the previous theorem to the situation in
the present lemma. Indeed, since the sequences of supports of both left-hand
sides and right-hand sides of the rules in ¢R are regular, it is possible to build
a regular sequence of (multi)sets of rules available in iR at every step of the
evolution. Then a sequence of supports of the multisets which appear in iR
will be defined by its first element and the sequence of rules available at each
step, and will therefore be regular. Inductively applying this observation in the
bottom-up manner to all right-hand side membranes of II proves the statement
of the lemma.

All the arguments we have shown by now can be used to directly derive the
following statement showing that strongly and weakly non-cooperative polymor-
phic P systems define the same sets of languages.

Theorem 2. NOP,(polymq4(ncooy)) = NOP;(polymq(ncooy)).

Proof. Similarly to the procedure shown in Theorem 1, the proof here is done
by induction over left-hand-side membranes. The idea is essentially the same,
and is also based on the statement of Lemma 2: supposing that the sequences of
(multi)sets of flattened rules appearing in a given left-hand-side membrane are
regular, it follows that the activity of this membrane can be simulated with a
finite automaton, which proves the statement of the theorem.

Given the fundamental similarity between P systems with strongly and weakly
non-cooperative rules, we will from now on refer to both classes using the word
“non-cooperative” and the notation ncoo without a subscript.

The proofs we have shown so far imply the following important corollaries.

Corollary 1. Given a polymorphic P system II € OP,(polymq(ncoo)) and a
membrane i of it, the sequence of supports of the multisets which appear in this
membrane is reqular.

Corollary 2. Given a polymorphic P system II € OPy(polym4(ncoo)), it is
possible to construct another polymorphic P system II' such that N(IT') = N(II)
and all left-hand-side membranes of II' contain invariable rTules.

The P system II' from the previous corollary, is given by the construction
briefly presented in the proof of Theorem 2, that is, by replacing all rules in
a left-hand-side membrane with invariable rules simulating the transitions of a
finite automaton. The practical implication of this corollary is that, in the case of
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polymorphic P systems with non-cooperative rules and no additional ingredients,
the variability of left-hand sides of rules is only useful for slightly changing the
scope of a rule and switching rules on and off.

We conclude this section by showing that, in the case of non-cooperative
rules, explicitly disabling a rule by emptying its left-hand-side membrane can be
simulated by replacing the empty multiset with a special symbol not belonging
to the original alphabet.

Lemma 3. NOP,.(polym_4(ncoo))) = NOP,(polymq4(ncoo)).

Proof. Take a polymorphic P system IT € OP,(polym.q(ncoo))) and pick a
left-hand-side membrane 7L which becomes empty at a certain step of the com-
putation. According to Corollary 2, we can consider that all the rules in iL are
invariable, without losing generality. Now replace all the empty right-hand sides
of rules in ¢L with the singleton multiset |, where L does not belong to the al-
phabet of I1. Clearly, whenever | appears in iL, the rule i is effectively disabled
and is blocked in this state forever. On the other hand, we avoid emptying the
membrane ¢L, which proves the statement of the theorem.

Because it turns out that disabling of rules makes no real difference in terms
of the number languages a (left-) polymorphic P system with non-cooperative
rules can generate, we will sometimes avoid adding “+d” (“—d”) to the shorthand
notation for classes of polymorphic P systems with non-cooperative rules.

4 Left Polymorphism

In this section we will briefly overview the computational power of left-
polymorphic P systems. Remember that, in such P systems, the right-hand side
of any rule is not allowed to embed any other rules. We start by showing that
such polymorphic P systems are still more powerful than conventional transition
P systems [7].

Lemma 4. Lan = {2" | n € N} € NOP,(Ipolym(ncoo)).

Proof. We construct the following left-polymorphic P system generating the
number language Lon:

IT = ({a},{a}, p,a,aa,a,a,a, A, s), where
=111l lorl lszl Isr )il Tigls

The graphical representation of this P system is given in Figure 1.

II works by repeatedly doubling the number of a’s in the skin membrane,
until the symbol a in 1L is rewritten into the empty multiset, which disables
rule 1 and makes IT halt.

On the other hand, the following observation shows that left-polymorphic P
systems cannot generate all recursively enumerable sets of numbers.
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Fig. 1. A left-polymorphic P system generating {2" | n € N}

Lemma 5. L, = {n!| n € N} & NOP,(Ipolymq(ncoo)).

Proof. We will pick a left-polymorphic P system IT € NO P (Ipolym(ncoo)) and
see what are the possible multiplicities of symbols in some of the multisets it
generates. There exist derivations in which no more than one type of rule is
applied per symbol type (e.g., only the rule a — bc is applied 5 times to all the 5
instances of a, even though there may be more rules consuming the same symbol).
For such derivations, the multiplicities of all symbols in the halting configuration
can be expressed as sums of products of the quantities of certain symbols in
the initial contents of the skin by constant factors, which depend only on the
(invariable) right-hand sides of the rules. Since generating the factorial would
require multiplication by an unbounded set of factors, the preceding observation
concludes the proof.

Note that Lemma 5 only shows an example of a language which cannot be
generated by left-polymorphic P systems; this model of P systems can still be
undecidable.

5 Right Polymorphism

In this section we will show that right-polymorphic P systems, just as their left-
polymorphic counterparts, generate a wider class of languages than conventional
transition P systems.

Lemma 6. L}, = {2" | n € N,n > 2} € NOP.(rpolym(ncoo)).

Proof. We will construct the following right-polymorphic P system generating
the number language L. :

I = ({a,b},{b}, u,a,a,aa,a,a,a,a,a,b,s), where
=101 0 on [ T sel Tagl Janl Laglontin] s

The graphical representation of this P system is given in Figure 2.

The principle behind the functioning of this polymorphic P system is essen-
tially the same as the one used in the proof of Lemma 4: IT works by repeatedly
doubling the number of a’s in the skin. Having IT halt correctly is trickier,
though, since we cannot disable rules and we cannot just rewrite the symbols in
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Fig. 2. A right-polymorphic P system generating {2" | n € N;n > 2}

1R to b, because then we could get rule 1 to have the form a — ab, which would
result in the production of the language {m - 2" | m,n € N} (maybe without
several shortest words) instead of Lj.. To work around this problem we allow no
choice in membrane 1R, that is, all instances of a are always rewritten into some-
thing, and it is the right-hand side of rule 2 that decides whether to reproduce
the two instances of a and keep the exponentiation going, or transform them
into b and stop the evolution. During the time b’s take to propagate through the
membrane structure, II keeps multiplying the number in the skin by 2, which
results in the fact that IT cannot generate the numbers 2 and 22 from Lon \ L}..

The upper bound on the generating power of right-polymorphic P systems is
obtained in the next section by establishing an upper bound on the expressive
power of general non-cooperative polymorphic P systems.

6 General Polymorphism

In this section we will show that there are languages which cannot be generated
by polymorphic P systems with non-cooperative rules. The intuition for this
observation comes from the fact that non-cooperative rules cannot synchronise
separate processes running in the P system. Therefore, it suffices to pick a lan-
guage which cannot be generated without such synchronisation. The following
theorem formally captures this intuition.

Theorem 3. L, = {n!| n € N} & NOP,(polym(ncoo)).

Proof. Suppose there exists a polymorphic P system IT € OP,(polym(ncoo))
which generates the factorial language. In this case, according to Lemma 5, the
rules of IT must rely on variable right-hand sides, and there must exist such rules
which are applied an unbounded number of times.

Consider such a rule i in skin and its right-hand-side membrane iR which
contains the multiset wy at step k. Let pr < wy be the bounded multiset of
symbols which may be consumed by rules with right-hand sides longer than 1.
Remember now that, at a certain moment, the membrane iR must halt. There-
fore, for all symbols in py, it is possible to choose such rules which will lead to
halting of iR in a bounded number of steps.
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Suppose now that the symbols in wy — pr are not consumed by any rules
in 4R. This means that the symbols from w; may be consumed by some rules
in the skin, with indices from the (not necessarily non-empty) set I (including,
maybe, the rule ). Since, according to our supposition, the rule 7 is applied an
unbounded number of times, the rules from I must be capable of consuming the
symbols from wy at an unbounded number of computation steps. But then, if,
at a certain step, the membrane R halts, the rules from I and the left-hand side
membrane ¢, may continue their operation, which will lead to an unbounded
number of multiplications of the quantities of certain symbols in the skin by a
constant factor, which means that, in this case N(II) \ L, # @.

Now consider the situation in which the symbols from wy — py are consumed
by some rules in ¢R. The important difference which may arise in this case as
compared to the previous one is the scenario in which, at a certain moment, the
multiset wy — p is rewritten into a different multiset that, when in the skin, will
only evolve for a bounded number of steps (i.e., no more rules will be applicable
to the symbols derived from this multiset after a constant number of steps).
However, in this case the same synchronisation problem persists: if the symbols
from pj are rewritten in such a way that the contents of R will stop growing
after a bounded number of steps, and the symbols from wj — py are still being
rewritten into something which may be further used in the skin to apply ¢R some
more times, the size of the contents of the skin will be essentially multiplied by a
constant factor an unbounded number of times, which leads us to the conclusion
that II cannot produce the factorial language.

The following statement concerning the computational power of right-
polymorphic P systems is a direct consequence of the previous theorem.

Corollary 3. L, = {n!|n € N} & NOP,(rpolym(ncoo)).

7 A Hierarchy of Polymorphic P Systems with
Non-cooperative Rules

In this section we will show that the generative power of a polymorphic P system
IT is essentially limited by its depth. The intuition for this remark comes from
looking at the superexponentially growing P systems shown in [1] and from the
observation that more nested rules means faster growth.

We briefly recall how superexponential growth can be achieved with poly-
morphic P systems.

Ezample 1. (cf. [1]) Consider the following (left-)polymorphic P system:
I = ({a},{a}, p,a,a,a,a,aa,s), where
p=11 ]1L[ [ ]QL[ ]23}112]5'

The graphical presentation of II is given in Figure 3.
After one step of evolution, the skin of IT will still contain the multiset a,
and 1R will contain a?. At the next step the skin will contain a* and 1R will
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Fig. 3. A (left-)polymorphic P system with superexponential growth

contain a*. It is easy to verify that, after k evolution steps, the skin of IT will

contain 27 2 instances of a.

While the polymorphic P system from the previous paragraph does have
superexponential growth, it never halts. Actually generating a superexponential
number language requires somewhat more design effort. A possible approach
using the trick we have shown in the proof of Lemma 6 is implemented in the
following example.

Ezxample 2. The following P system generates the superexponential number lan-

guage {2% | n e N,n > 3}

I = ({aa b}a {b}7 u,a,a,a,a,aa,a,a,a,d,a, bv 8)7 where
p=T el LUl Lal Lagl Tspl Tsrlsrlortin] s
The graphical representation of this P system is given in Figure 4.
Rules 1 and 2 of IT work exactly as the two rules of the P system shown

in the previous example, while the other three rules are used to assure proper
halting in the same way as it is done in the construction from Lemma 6.

2R
(2] “
1L U 1R
a
. Js
n(n—1)
Fig. 4. A polymorphic P system generating {2~ 2 |n € N,n > 3}

We will now confirm the supposition of existence of an infinite hierarchy of
polymorphic P systems by proving the following theorem.

Theorem 4. L;_; = {2(”d_1) | n € N} ¢ NOPZ(polym(ncoo)), for d > 1.
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Proof. We will prove the statement by induction over the depth of polymorphic
P systems. The base case d = 2 refers to transition P system with invariable
rules, which as is known [7], cannot generate the language L; = {2" | n € N}.

Before we proceed, we make an important observation as to how P systems
with a fixed number of non-cooperative rules generate numbers. Consider two
multisets a™* and a2, where n; and ny are two different natural numbers greater
that the number of rules in membrane i, and consider the possible ways they
can evolve at the same step in this membrane. Because the left-hand sides of
the rules are not allowed to contain more than one symbol, for any multiset w;
derived from a™ there exists a multiset woy derived from a™? for which it is true
that supp(wi) = supp(ws) and we(x) = (ne — ni)wi(z), for any = € w;. This
essentially means that non-cooperative (polymorphic) rules cannot be used to
count the number of instances of a symbol in a membrane. The further conclusion
is that the sets of numbers that IT can generate are essentially given by the form
of the right-hand sides of the rules.

Suppose now that the statement of the theorem is true for a certain d. Con-
sider a polymorphic P system IT of depth d 4+ 1. We pick a membrane ¢R of IT
which, if regarded as a separate P system, has depth d. As it can be seen in
Example 1, the fastest growth we can achieve for the contents of iR is having

the lengths of the words at a step f(n) of evolution belong to O (2(”'1_2))7 where
f(n) € ©(n). But then we can use the rule i to assure that the growth of the
contents of the skin as a function of the number of the evolution step is only
in 0 (20"
paragraph tells us that a P system with non-cooperative rules cannot generate
numbers belonging to a family which grows faster than what can be achieved

with the right-hand sides of the rules, which means that no P system IT of depth
d + 1 can generate the language Ly.

. On the other hand, the observation we made in the previous

The proof of the previous theorem, combined with the observations made in
Examples 1 and 2, leads us to the following corollary defining a depth-related
hierarchy of polymorphic P systems with non-cooperative rules.

Corollary 4. NOPZ(polym(ncoo)) C NOP (polym(ncoo)), for d > 1.

Theorem 4 also shows the relationship between left-polymorphic and general
P systems. Indeed, Corollary 2 effectively states that the depth of any left-
polymorphic P system is at most 3. This suggests the following assertion.

Corollary 5. NOP,(Ipolym(ncoo)) C NOP,(polym(ncoo)).

Establishing whether a similar inclusion is true for right-polymorphic P sys-
tems is an open problem.

8 Further Discussion and a Conclusion

In this paper we have explored some of the fundamental properties of the most
basic class of polymorphic P systems introduced in [1]: polymorphic P systems
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with non-cooperative rules and without any additional ingredients. We presented
new special cases of such P systems (left- and right-polymorphic variants) and
characterised the generative power of each of them, as well as of general poly-
morphic P systems. We have concluded the paper by bringing to light an infinite
hierarchy of classes of polymorphic P systems with the base case being the usual
non-polymorphic transition P systems.

The central conclusion of the paper is that, despite the apparent simplic-
ity and restrictiveness of the definition, polymorphic P systems with non-
cooperative rules and no additional ingredients are a very interesting object
of study. We now directly proceed to formulating the questions which have been
left unanswered in the paper.

The first question is concerned with the right-polymorphic variant of P sys-
tems. Just by looking at the definitions of left- and right-polymorphic P sys-
tems, it might seem that the generative power of both of them is strictly less
than that of the most general version, and this is indeed the case for the left-
polymorphic variant. The situation turns out to be much more complicated for
right-polymorphic P systems: the author has no intuition whatsoever with re-
spect to whether right-polymorphic P systems are less powerful then the general
variant or not. On the one hand, the possibility to control left-hand sides of
rules seems to increase the generative power of the model. On the other hand,
all the proofs of all results concerning the upper bounds on the complexity of
the languages produced by polymorphic P systems are directly applicable to the
right-polymorphic case. Therefore, the fundamental question still to be answered
in subsequent research is whether right-polymorphic P systems can generate all
languages which can be produced by the general variant and if not, which are
the languages separating the two classes.

A further question concerns the way in which right-polymorphic P systems
are related to their left-polymorphic counterparts. We have seen that both of
them can produce the number language {2 | n € N}, but it is not clear whether
the class of languages produced by the former family covers the one produced by
the latter family. We suppose that the answer to this question is closely related
to the reasoning exposed in the previous paragraph.

Finally, we would like to remember that we have only considered the most
restricted version of polymorphic P systems in this paper. While adding in-
gredients to the model and/or allowing cooperative rules quickly renders the
systems computationally complete [1] and thus (probably) less interesting for
strictly theoretical research, applications of such models may present some in-
terest. The fundamental feature of polymorphic P systems is that, in a way,
they lie in between conventional models with static membrane structures, which
require substantial design effort to attack practical problems, and the models
with dynamic membrane structures, which often rely on duplicating computing
units on the fly, together with their data [5]. This position, which we believe to
be quite advantageous, may make polymorphic P systems a practical tool for
solving certain real-world problems.
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Abstract. The decision problems solved in polynomial time by P systems
with elementary active membranes are known to include the class P#F.
This consists of all the problems solved by polynomial-time deterministic
Turing machines with polynomial-time counting oracles. In this paper
we prove the reverse inclusion by simulating P systems with this kind
of machines: this proves that the two complexity classes coincide, finally
solving an open problem by P&aun on the power of elementary division.
The equivalence holds for both uniform and semi-uniform families of
P systems, with or without membrane dissolution rules. Furthermore, the
inclusion in P#¥ also holds for “P conjecture systems” (with elementary
division and dissolution but no charges), which improves the previously
known upper bound PSPACE.

1 Introduction

The computational power of P systems with elementary active membranes working
in polynomial time was first investigated in [10]. The ability of P systems to
exploit parallelism to perform multiple computations at the same time allows an
efficient solution of NP-complete problems. This feature was further exploited [§]
to show that P systems with elementary active membranes can solve all PPP
problems (or P#F problems, due to the equivalence of the two classes).

While all the previous results showed an ever increasing lower bound for the
power of this class of P systems, the upper bound for their computational ability
was proved to be PSPACE [9]. Therefore, until now it was only known that
this class is located between P#F and PSPACE. In this paper we show that
the already known lower bound is, in fact, also an upper bound. This implies
that non-elementary membrane division is necessary in order to solve PSPACE-
complete problems (unless P#P = PSPACE), as conjectured by Sosik and
Pérez-Jiménez and formulated as Problem B by Paun in 2005 [5]. This bound

* This work was partially supported by Universita degli Studi di Milano-Bicocca,

FA 2013: “Complessita computazionale in modelli di calcolo bioispirati: Sistemi a
membrane e sistemi di reazioni”.
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has also an interesting implication for the P conjecture [5, Problem F]|, stating
that P systems with elementary division and dissolution but no charges can solve
only problems in P. The previously known upper bound for the computational
power of that class of P systems was also PSPACE but, since those systems are
a weaker version of the ones studied here, the P#¥ bound also applies to them.

The main idea behind the simulation of P systems with elementary active
membranes by Turing machines with #P oracles is similar to one from [9]:
we cannot store the entire configuration of the P system, since it can grow
exponentially in time due to elementary membrane division. Therefore, instead of
simulating directly the behaviour of the elementary membranes, we only simulate
the interactions between them and their parent regions. Indeed, from the point of
view of a non-elementary membrane, all the membranes it contains are just “black
boxes” that absorb and release objects. We thus only store the configurations
of non-elementary membranes and, when needed, we exploit a #P oracle to
determine how many instances of each type of object are exchanged between
elementary membranes and their parent regions. As will be clear in the following,
while doing so we also need to take special care for send-in rules, since they
require, in some sense, a partial knowledge of the parent’s multiset of objects,
and conflicts between send-in rules competing for the same objects that can
be applied to different membranes may be difficult to resolve. Thus, we have
devised a way to provide a “centralised control” that allows to correctly apply
the different send-in rules.

The paper is structured as follows. In Section 2 the basic definitions con-
cerning P systems and the relevant complexity classes are briefly recalled. The
simulation of P systems is described in Section 3; in particular, the three phases
of the simulation algorithm requiring more computing power than a deterministic
Turing machine working in polynomial time are detailed in Section 3.1 (movement
of objects into elementary membranes), Section 3.2 (releasing objects from ele-
mentary membranes), and Section 3.3 (establishing if a membrane is elementary).
The theorem stating the main result and the implications for the P conjecture
are presented in Section 4. The paper is concluded with a summary of the results
and some directions for future research in Section 5.

2 Basic Notions

We begin by recalling the basic definition of P systems with (elementary) active
membranes [4].

Definition 1. A P system with elementary active membranes of initial de-
gree d > 1is a tuple IT = (I, A, i, wh, , - - . ,wh,, R), where:

— I is an alphabet, i.e., a finite non-empty set of symbols, usually called objects;

— A is a finite set of labels for the membranes;

— 1 18 a membrane structure (i.e., a rooted unordered tree, usually represented
by nested brackets) consisting of d membranes labelled by elements of A in a
one-to-one way;
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— Why ..., Wh,, With hy,..., hqg € A, are strings over I', describing the initial
multisets of objects placed in the d regions of u;
— R is a finite set of rules.

Each membrane possesses, besides its label and position in u, another at-
tribute called electrical charge, which can be either neutral (0), positive (4) or
negative (—) and is always neutral before the beginning of the computation.

The rules in R are of the following types!:

(a) Object evolution rules, of the form [a — w]¢
They can be applied inside a membrane labelled by &, having charge o and
containing an occurrence of the object a; the object a is rewritten into the
multiset w (i.e., a is removed from the multiset in h and replaced by the
objects in w).

(b) Send-in commaunication rules, of the form a [|§ — [b]g
They can be applied to a membrane labelled by &, having charge v and such
that the external region contains an occurrence of the object a; the object a
is sent into h becoming b and, simultaneously, the charge of A becomes £.

(c) Send-out communication rules, of the form [a]ff — []5 b
They can be applied to a membrane labelled by h, having charge o and
containing an occurrence of the object a; the object a is sent out from h to
the outside region becoming b and, simultaneously, the charge of h becomes (.

(d) Dissolution rules, of the form [a]} — b
They can be applied to a membrane labelled by h, having charge a and
containing an occurrence of the object a; the membrane is dissolved and
its contents are left in the surrounding region unaltered, except that an
occurrence of a becomes b.

(e) Elementary division rules, of the form [a]} — [b}ﬁ [c]}
They can be applied to a membrane labelled by h, having charge «, containing
an occurrence of the object a but having no other membrane inside (an
elementary membrane); the membrane is divided into two membranes having
label h and charges 8 and +; the object a is replaced, respectively, by b and c,
while the other objects of the multiset are replicated in both membranes.

Notice that “being an elementary membrane” is a dynamic property: even if
a membrane originally contained other membranes, the dissolution of all of
them makes the membrane elementary; if this happens, we also assume that
any elementary division rules involving it become applicable, provided that its
multiset and charge match the left-hand sides of the rules?. Clearly, once a
membrane is elementary it can never become non-elementary.

Since it is an essential technical detail in this paper, we carefully distinguish
the concepts of membrane and membrane label, since membrane division allows

! The general definition of P systems with active membranes [4] also includes non-
elementary division rules (type (f)), which are not used in this paper.

2 The results of this paper, as well as the previous P#¥ lower bound [8], continue
to hold even if we assume that R can only contain elementary division rules for
membranes that are already elementary in the initial configuration of the P system.
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the creation of multiple membranes sharing the same label. In the rest of the paper,
we use the expression “membrane h” (singular) only when a single membrane
labelled by h is guaranteed to exist, and refer to “membranes (labelled by) h”
(plural) otherwise.

Definition 2. The instantaneous configuration of a membrane consists of its
label h, its charge o, and the multiset w of objects it contains at a given time.
It is denoted by [w]. The (full) configuration C of a P system II at a given
time is a rooted, unordered tree. The root is a node corresponding to the external
environment of II, and has a single subtree corresponding to the current mem-
brane structure of II. Furthermore, the root is labelled by the multiset located
in the environment, and the remaining nodes by the configurations [w]Y of the
corresponding membranes.

A computation step changes the current configuration according to the fol-
lowing set of principles:

— Each object and membrane can be subject to at most one rule per step,
except for object evolution rules: inside each membrane, several evolution
rules can be applied simultaneously.

— The application of rules is mazimally parallel: each object appearing on the
left-hand side of evolution, communication, dissolution or elementary division
rules must be subject to exactly one of them (unless the current charge of the
membrane prohibits it). Analogously, each membrane can only be subject to
one communication, dissolution, or elementary division rule (types (b)—(e))
per computation step. In other words, the only objects and membranes that
do not evolve are those associated with no rule, or only to rules that are not
applicable due to the electrical charges.

— When several conflicting rules can be applied at the same time, a nondeter-
ministic choice is performed; this implies that, in general, multiple possible
configurations can be reached after a computation step.

— In each computation step, all the chosen rules are applied simultaneously (in
an atomic way). However, in order to clarify the operational semantics, each
computation step is conventionally described as a sequence of micro-steps as
follows. First, all evolution rules are applied inside the elementary membranes,
followed by all communication, dissolution and division rules involving the
membranes themselves; this process is then repeated to the membranes
containing them, and so on towards the root (outermost membrane). In
other words, the membranes evolve only after their internal configuration has
been updated. For instance, before a membrane division occurs, all chosen
object evolution rules must be applied inside it; this way, the objects that
are duplicated during the division are already the final ones.

— The outermost membrane cannot be divided or dissolved, and any object
sent out from it cannot re-enter the system again.

A halting computation of the P system IT is a finite sequence C = (Co, - ..,Ck)
of configurations, where Cy is the initial configuration, every C;;; is reachable
from C; via a single computation step, and no rules of IT are applicable in Cy.
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P systems can be used as language recognisers by employing two distinguished
objects yes and no: we assume that all computations are halting, and that either
object yes or object no (but not both) is sent out from the outermost membrane,
and only in the last computation step, in order to signal acceptance or rejection,
respectively. If all computations starting from the same initial configuration are
accepting, or all are rejecting, the P system is said to be confluent. All P systems
in this paper are assumed to be confluent.

In order to solve decision problems (i.e., decide languages), we use families
of recogniser P systems IT = {II, : x € X*}. Each input « is associated with
a P system I, that decides the membership of z in the language L C X* by
accepting or rejecting. The mapping x — II, must be efficiently computable for
inputs of any length, as discussed in detail in [2].

Definition 3. A family of P systems II = {II, : * € X*} is said to be
(polynomial-time) uniform if the mapping x — II, can be computed by two
polynomial-time deterministic Turing machines E and F as follows:

— F(1™) = II,, where n is the length of the input x and II,, is a common
P system for all inputs of length n with a distinguished input membrane.

— E(z) = w,, where w, is a multiset encoding the specific input x.

— Finally, 11, is simply I, with w, added to its input membrane.

The family IT is said to be (polynomial-time) semi-uniform if there exists a
single deterministic polynomial-time Turing machine H such that H(x) = II,
for each x € X*.

Any explicit encoding of II, is allowed as output of the construction, as
long as the number of membranes and objects represented by it does not exceed
the length of the whole description, and the rules are listed one by one. This
restriction is enforced in order to mimic a (hypothetical) realistic process of
construction of the P systems, where membranes and objects are presumably
placed in a constant amount during each construction step, and require actual
physical space proportional to their number; see also [2] for further details on
the encoding of P systems.

Recall that the classes of decision problems solved by uniform and semi-
uniform families of P systems working in polynomial time with evolution, commu-
nication, dissolution, and elementary division rules are denoted by PMC gp(—n)
and PMC? M(=n)’ respectively. When dissolution is not allowed, the two corre-
sponding classes are denoted by PMC g ((—d,—n) and PMC}M(fdﬁn).

Finally, we recall the definitions of the complexity classes #P and P#¥ (the
latter being equivalent to PPF), and a notion of completeness for #P [3].

Definition 4. The complexity class #P consists of all the functions f: X* — N,
also called counting problems, with the following property: there exists a polyno-
mial time nondeterministic Turing machine N such that, for each x € X*, the
number of accepting computations of N on input x is exactly f(x).

A function f € #P is said to be #P-complete under parsimonious reduc-
tions if and only if for each g € #P there exists a polynomial-time reduc-
tion r: X* — X* such that g(x) = f(r(z)) for each x € X*.
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Fig. 1. A full configuration and a partial configuration for the same P system, where in
the latter the configurations of all elementary membranes have been removed.

Definition 5. The complexity class P#¥ consists of all decision problems (lan-
guages) recognisable in polynomial time by deterministic Turing machines with
oracles for #P functions. These are Turing machines M7, with f € #P, having
a distinguished oracle tape and a query state such that, when M' enters the
query state, the string x on the oracle tape is immediately (i.e., at unitary time
cost) replaced with the binary encoding of f(x).

3 The Simulation Algorithm

Let L € PMCY,(_, be a language, and let IT = {II, : « € 2*} be a semi-
uniform family of confluent recogniser P systems with elementary active mem-
branes deciding L in polynomial time. Let H be a polynomial-time deterministic
Turing machine computing the mapping = +— I1,.

A straightforward deterministic simulation of IT, which stores the entire
configuration of a P system and applies the rules in a step-by-step fashion, in
general incurs in an exponential slowdown, due to the exponential size of the
configurations of the P systems, even when a binary encoding of the multisets
is employed: indeed, by the “Milano Theorem” [10], the exponential space (and
time) blowup of the simulation is due to the exponential number of elementary
membranes created by division, and not to the number of objects itself. Here
we simulate IT with a polynomial slowdown by means of a deterministic Turing
machine with a #P counting oracle.

We begin by observing that we do not need to explicitly store the configurations
of the elementary membranes (either those that are elementary in the initial
configuration, or those that become elementary during the computation), as
long as we can somehow keep track of the interactions between them and their
parent regions. Specifically, we need a way to track the objects that are released
from the elementary membranes (via send-out or dissolution rules) and those
that are absorbed by them (via send-in rules). We call partial configuration the
portion of configuration of a P system that we store explicitly, in which we
exclude the elementary membranes (unless, temporarily, in the very moment they
become elementary and there is only a polynomial number of them) but include
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1 construct the P system II, by simulating H on z
2 let C be the initial (full) configuration of IT,
3 for each time step t do

4 for each label h in C do
5 if h denotes an elementary membrane then
6 remove its configuration from C
7 else
8 apply the rules to membrane h
9 remove from membrane h the objects sent into
elementary children membranes (see Algorithm 2)
10 for each label A/ denoting elementary membranes do
11 add the output of all membranes
labelled by A’ to their parent multiset
12 if yes or no is found in the environment then
13 accept or reject accordingly

Algorithm 1. Simulation of a semi-uniform family IT of P systems with elementary
active membranes on input x.

the environment surrounding the outermost membrane. An example of partial
configuration is shown in Fig. 1.

Since the environment is where the result of any computation of a recogniser
P system II, is ultimately decided, by the presence of an obje