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Ştefan I. Nitchi
Department of Economic Informatics
Babes Bolyai University, Cluj-Napoca, Romania
St. T. Mihali, Nr. 58-60, 400591, Cluj-Napoca
nitchi@econ.ubbcluj.ro



Shimon Y. Nof
School of Industrial Engineering
Purdue University
Grissom Hall, West Lafayette, IN 47907, U.S.A.
nof@purdue.edu

Stephan Olariu
Department of Computer Science
Old Dominion University
Norfolk, VA 23529-0162, U.S.A.
olariu@cs.odu.edu

Gheorghe Păun
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SPECIAL ISSUE ON MEMBRANE COMPUTING

Seventh Brainstorming Week on Membrane Computing

The present volume contains a selection of papers resulting from the Seventh Brainstorming Week
on Membrane Computing (BWMC7), held in Sevilla, from February 2 to February 6, 2009. The meeting
was organized by the Research Group on Natural Computing (RGNC) from Department of Computer
Science and Artificial Intelligence of Sevilla University. The previous editions of this series of meetings
were organized in Tarragona (2003), and Sevilla (2004 – 2008). After the first BWMC, a special issue
of Natural Computing – volume 2, number 3, 2003, and a special issue of New Generation Computing –
volume 22, number 4, 2004, were published; papers from the second BWMC have appeared in a special
issue of Journal of Universal Computer Science – volume 10, number 5, 2004, as well as in a special
issue of Soft Computing – volume 9, number 5, 2005; a selection of papers written during the third
BWMC has appeared in a special issue of International Journal of Foundations of Computer Science –
volume 17, number 1, 2006); after the fourth BWMC a special issue of Theoretical Computer Science

was edited – volume 372, numbers 2-3, 2007; after the fifth edition, a special issue of International

Journal of Unconventional Computing was edited – volume 5, number 5, 2009; finally, a selection of
papers elaborated during the sixth BWMC has appeared in a special issue of Fundamenta Informaticae

– volume 87, number 1, 2008.
Membrane computing is an area of natural computing which studies models of computation inspired

by the structure and functioning of living cells, and organization of cells in tissues and other struc-
tures. The resulting models (called P systems) are distributed parallel computing devices, processing
multisets in compartments defined by membranes. Most classes of P systems are computationally uni-
versal and, if an exponential working space can be produced in polynomial time (e.g., by membrane
division), then they are able to solve computationally hard problems in a feasible time. A series of
applications were recently reported, especially in biology and medicine, but also in computer graph-
ics, cryptography, linguistics, economics, approximate optimization, etc. Several simulation programs
(useful in applications) are available by now. A comprehensive information about this research area
(considered in 2003 by ISI as “fast emerging research front in computer science") can be found at the
website http://ppage.psystems.eu.

At this web address one can also find the volumes published after each BWMC, with the papers
resulting from these meetings, including the volume with all papers related to BWMC7.

For the present volume we have selected only a few of these papers; they have been thoroughly re-
worked after the meeting and then they went through the standard refereeing procedure of the journal.
The selection also intended to provide a good image of the research in membrane computing, so that
the volume contains both theoretical and applicative papers, dealing with computing power, computa-
tional complexity, “classic" cell-like P systems and the recently introduced spiking neural P systems,
programming, simulation of biological processes, and so on.

*

As mentioned above, the meeting was organized by the Research Group on Natural Computing from
Sevilla University (http://www.gcn.us.es)– and all the members of this group were enthusiastically
involved in this (not always easy) work. The meeting was supported from various sources: (i) Proyecto
de Excelencia de la Junta de Andalucía, grant TIC 581, (ii) Proyecto de Excelencia con Investigador
de Reconocida Valía, de la Junta de Andalucía, grant P08 – TIC 04200, (iii) Proyecto del Ministerio
de Educación y Ciencia, grant TIN2006 – 13425, (iv) IV Plan Propio de la Universidad de Sevilla, (v)
Consejería de Innovación, Ciencia y Empresa de la Junta de Andalucía, well as by the Department of
Computer Science and Artificial Intelligence from Sevilla University.

*



The present volume is dedicated to the 60th birthday anniversary of Professor Mario de Jesús Pérez-
Jiménez, the head of the Research Group on Natural Computing from Sevilla University, and one of
the most active researchers in membrane computing. A really unique combination of enthusiasm and
mathematical talent, of scientific devotion and altruism, Mario not only contributed a lot to the research
in membrane computing, with fundamental results especially related to computational complexity issues
and also related to many other theoretical research questions, to applications in biology and eco-systems,
to programming, etc., but he also created one of the strongest research groups in natural computing in
general, in membrane computing in special; it also deserves to be mentioned the organization, for already
several years in a row, of the Brainstorming Week on Membrane Computing – all these making Sevilla a
place of current “pilgrimage" of researchers in membrane computing, from Europe, Asia, America.

For all those who know Mario personally, it is hard to believe that he has already six decades: he
is so active, enthusiastic and hard working that he looks as young as decades ago, and the theoretical
possibility to get retired (according to Spanish regulations, this is possible for Mario) looks like a non-
sensical joke... And, for all who know Mario personally, it is impossible not to own to him a lot, from
science to daily life (one of the sayings which circulate around is that if you have a need, it is wiser not
to tell it loudly, because Mario will try immediately to help you...).

Happy Birthday, Mario, and many happy returns!

Guest Editors:
Giancarlo Mauri, Milan, Italy

Gheorghe Păun, Bucharest, Romania
Agustín Riscos-Núñez, Seville, Spain

(Sevilla, June 2009)
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Abstract: Membrane computing is a formal framework of distributed parallel com-
puting. In this paper we implement the work with the prefix tree by P systems with
strings and active membranes. We present the algorithms of searching in a dictionary
and updating it implemented as membrane systems. The systems are constructed as
reusable modules, so they are suitable for using as sub-algorithms for solving more
complicated problems.
Keywords: Membrane computing, P systems, active membranes, dictionary, prefix
tree

1 Introduction

Solving most problems of natural language processing is based on using certain linguistic resources,
represented by corpora, lexicons, etc. Usually, these collections of data constitute an enormous volume
of information, so processing them requires much computational resources. A reasonable approach for
obtaining efficient solutions is that based on applying parallelism; this idea has been promoted already
in 1970s. For instance, the possibilities of applying massive parallelism in Machine Translation are con-
sidered in [5, 2]. Many of the stages of text processing (from tokenization, segmentation, lematizing to
those dealing with natural language understanding) can be carried out by parallel methods. This justifies
the interest to the methods offered by the biologically inspired models, and by membrane computing in
particular.

However, there are some issues that by their nature do not allow complete parallelization, yet exactly
they are often those “computational primitives" that are inevitably used during solving major problems,
like the elementary arithmetic operations are always present in solving difficult computational problems.
Among such “primitives" in the computational linguistics we mention handling of the dictionaries, e.g.,
dictionary lookup and dictionary update. Exactly these problems constitute the subject of the present
paper. In our approach we speak about dictionary represented by a prefix tree.

P (membrane) systems are a convenient framework of describing computations on trees. Since mem-
brane systems are an abstraction of living cells, the membranes are arranged hierarchically, yielding a
tree structure.

Copyright c© 2006-2009 by CCC Publications
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2 Definitions

Membrane computing is a recent domain of natural computing initiated by Gh. Păun in [12]. The
components of a membrane system are a cell-like membrane structure, in the regions of which one
places multisets of objects which evolve in a synchronous maximally parallel manner according to given
evolution rules associated with the membranes. The necessary definitions are given in the following
subsection; see also [4] for an overview of the domain and [6] for a comprehensive bibliography.

2.1 Computing by P systems

Let O be a finite set of elements called symbols; then set of words over O is denoted by O∗, and the
empty word is denoted by λ .

Definition 1. A P system with string-objects and input is a tuple

Π =
(

O,Σ ,H,E,µ,M, · · · ,Mp,R, i
)

, where:

• O is the working alphabet of the system (the objects are strings over O),

• Σ is an input alphabet,

• H is an alphabet whose elements are called labels, i identifies the input region,

• E is the set of polarizations,

• µ is a membrane structure (a rooted tree) consisting of p membranes injectively labeled by ele-
ments of H,

• Mi is an initial multiset of strings over O associated with membrane i,  ≤ i ≤ p,

• R is a finite set of rules defining the behavior of objects from O∗ and of membranes labeled by
elements of H.

A configuration of a P system is its “snapshot", i.e., the current membrane structure and the multisets
of string-objects present in regions of the system. The initial configuration is C = (µ,M, · · · ,Mp).
Each subsequent configuration C ′ is obtained from the previous configuration C by maximally par-
allel application of rules to objects and membranes. This is denoted by C ⇒ C ′ (no further rules
are applicable together with the rules that transform C into C ′). A computation is thus a sequence
of configurations starting from C, respecting relation ⇒ and ending in a halting configuration (i.e.,
such one that no rules are applicable). If M is a multiset of strings over the input alphabet Σ ⊆ O,
then the initial configuration of a P system Π with an input M over alphabet Σ and input region i is
(µ,M, . . . ,Mi−,Mi ∪M,Mi+, . . . ,Mp).

2.2 P systems with active membranes

To speak about P systems with active membranes, we need to specify the rules, i.e., the elements of
the set R in the description of a P system. Due to the nature of the problem of this paper, the standard
model was generalized in the following:

• Cooperative rules: a rule operates on a substring of an object (otherwise, the system cannot even
distinguish different permutations of a string); this feature is represented by a superscript * in the
rule types;

• String replication (to return the result without removing it from the dictionary);
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• Membrane creation (to add words to the dictionary).

Hence, the rules can be of the following forms:

(a∗) [ a → b ]
e
h for h ∈ H,e ∈ E,a,b ∈ O∗- evolution rules

(associated with membranes and depending on the label and the polarization of the membranes,
but not directly involving the membranes: the membranes are neither taking part in the application
of these rules nor are they modified by them);

(a∗r ) [ a → b||c ]
e
h for h ∈ H,e ∈ E,a,b,c ∈ O∗ (as above, but with string replication);

(b∗) a[ ]
e
h → [ b ]

e
h for h ∈ H,e,e ∈ E,a,b ∈ O∗ - communication rules

(an object is introduced into the membrane, possibly modified; the polarization of the membrane
can be modified, but not its label);

(c∗) [ a ]
e
h → [ ]

e
h b for h ∈ H,e,e ∈ E,a,b ∈ O∗ - communication rules

(an object is sent out of the membrane, possibly modified; also the polarization of the membrane
can be modified, but not its label);

(d∗) [ a ]
e
h → b for h ∈ H,e ∈ E,a,b ∈ O∗ - dissolving rules

(in reaction with an object, a membrane can be dissolved, while the object specified in the rule can
be modified);

(g∗) [ a → [ b ]
e
g ]

e
h for g,h ∈ H, e,e ∈ E, a,b ∈ O∗ - membrane creation rules

(an object is moved into a newly created membrane, possibly modified).

Additionally, we will write /0 in place of some strings on the right-hand side of the rules, meaning
that the entire string is deleted.

The rules of types (a∗),(a∗r ) and (g∗) are considered to only involve objects, while all other rules are
assumed to involve objects and membranes mentioned in their left-hand side. An application of a rule
consists in replacing a substring described in the left-hand side of a string in the corresponding region
(i.e., associated to a membrane with label h and polarization e for rules of types (a∗),(a∗r ) and (d∗), or
associated to a membrane with label h and polarization e for rules of type (c∗), or immediately outer of
such a membrane for rules of type (b∗) ), by a string described in the right-hand side of the rule, moving
the string to the corresponding region (that can be the same as the source region immediately inner or
immediately outer, depending on the rule type), and updating the membrane structure accordingly if
needed (changing membrane polarization, creating or dissolving a membrane). Only the rules involving
different objects and membranes can only be applied in parallel; such parallelism is maximal if no further
rules are applicable in parallel.

3 Dictionary

Dictionary search represents computing a string-valued function {ui −→ vi |  ≤ i ≤ d} defined on a
finite set of strings.

We represent such a dictionary by the skin membrane containing the membrane structure correspond-
ing to the prefix tree of {ui | ≤ i ≤ d}, with strings $vi$ ′ in regions corresponding to the nodes associated
to ui. Let A, A be the source and target alphabets: ui ∈ A∗

, vi ∈ A∗
,  ≤ i ≤ d. Due to technical reasons,

we assume that for every l ∈ A, the skin contains a membrane with label l. We also suppose that the
source words are non-empty.

For instance, the dictionary {bat −→ flying,bit −→ stored} is represented by

[ [ ]

a[ [ [ $ f lying$ ′ ]


t ]


a[ [ $stored$ ′ ]


t ]


i ]b[ ]


c · · · [ ]


z ]
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Consider a P system corresponding to the given dictionary:

Π =
(

O,Σ ,H,E,µ,M, · · · ,Mp,R, i
)

,

O = A∪A∪ {?, ? ′,$,$ ′,$,$,fail}∪ {?i |  ≤ i ≤ }∪ {!i |  ≤ i ≤ },

Σ = A∪A∪ {?, ? ′, !,$,$ ′},

H = A∪ {}, E = {,+,−}, i = ,

µ and sets Mi,  ≤ i ≤ p, are defined as described above.

So only the rules and input semantics still have to be defined.

3.1 Dictionary search

To translate a word u, input the string ?u? ′ in region 1. Consider the following rules.

S1 ?l[ ]

l → [ ? ]


l , l ∈ A

Propagation of the input into the membrane structure, reaching the location corresponding to the input
word.

S2 [ ?? ′ ]

l → [ ]

−
l /0, l ∈ A

Marking the region corresponding to the source word.

S3 [ $ → $||$ ]
−
l , l ∈ A

Replicating the translation.

S4 [ $ ]
e
l → [ ]


l $, l ∈ H, e ∈ {−,}

Sending one copy of the translation to the environment.

S5 [ $ → $ ]

l , l ∈ A

Keeping the other copy in the dictionary.
The system will send the translation of u in the environment. This is a simple example illustrating

search. If the source word is not in the dictionary, the system will be blocked without giving an answer.
The following subsection shows a solution to this problem.

3.2 Search with fail

The set of rules below is considerably more involved than the previous one. However, it handles 3
cases: a) the target word is found, b) the target word is missing in the target location, c) the target location
is unreachable.

F1 [ ? → ?||? ]



Replicate the input.

F2 [ ? → ? ]



Delay the second copy of the input for one step.

F3 ?l[ ]

l → [ ? ]

+
l , l ∈ A

Propagation of the first copy towards the target location, changing the polarization of the entered mem-
brane to +.
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F4 ?l[ ]
+
l → [ ? ]


l , l ∈ A

Propagation of the second copy towards the target location, restoring the polarization of the entered
membrane.

F5 [ ?l → [ ? ]
−
l ]


k , l,k ∈ A

If a membrane corresponding to some symbol of the source word is missing, then the first copy of
the input remains in the same membrane, while the second copy of the input restores its polarization.
Creating a membrane to handle the failure.

F6 [ ??
′ → ? ]


l , l ∈ A

Target location found, marking the first input copy.

F7 [ ? ]

l → [ ]

−
l /0, l ∈ A

Marking the target location.
In either case, some membrane has polarization −. It remains to send the answer out, or fail if it is

absent. The membrane should be deleted in the fail case.

F8 [ $ → $||$ ]
−
l , l ∈ A

Replicating the translation.

F9 [ $ ]
e
l → [ ]


l $, l ∈ H, e ∈ {,−}

Sending one copy of the translation out.

F10 [ $ → $ ]

l , l ∈ A

Keeping the other copy in the dictionary.

F11 [ ? → ? ]
−
l , l ∈ A

The second copy of input will check if the translation is available in the current region.

F12 ?l[ ]
−
l → [ ? ]

−
l , l ∈ A

The second copy of input enters the auxiliary membrane with polarization −.

By now the second copy of the input is in the region corresponding to either the search word, or to
its maximal prefix plus one letter (auxiliary one).

F13 [ ? → ? ]
−
l , l ∈ A

It waits for one step.

F14 [ ? → /0 ]

l , l ∈ A

If the target word has been found, the second copy of the input is erased.

F15 [ ? ]
−
l → [ ]


l ?, l ∈ A

If not, the search fails.

F16 [ ? ]

l → [ ]


l ?, l ∈ A

Sending the fail notification to the skin.
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F17 [ ?l → ? ]



Erasing the remaining part of the source word.

F18 [ ??
′ ]


 → [ ]


fail

Answering fail.

F19 [ ? → ? ]
−
l , l ∈ A

F20 [ ? → ? ]
−
l , l ∈ A

F21 [ ? → ? ]
−
l , l ∈ A

If the target location was not found, the first input copy waits for 3 steps while the membrane with
polarization − handles the second input copy.

F22 [ ? ]

l → /0, l ∈ A

Erasing the auxiliary membrane.

3.3 Dictionary update

To add an entry u −→ v to the dictionary, input the string !u$v$ ′ in region 1. Consider the following
rules.

U1 [ ! → !||! ]



Replicate the input.

U2 [ ! → ! ]



Delay the second copy of the input for one step.

U3 !l[ ]

l → [ ! ]

+
l , l ∈ A

Propagation of the first copy towards the target location, changing the polarization of the entered mem-
brane to +.

U4 !l[ ]
+
l → [ ! ]


l , l ∈ A

Propagation of the second copy towards the target location, restoring the polarization of the entered
membrane.

U5 [ ! → ! ]

l , l ∈ A

If a membrane corresponding to some symbol of the source word is missing, then the first copy of
the input remains in the same membrane, while the second copy of the input restores its polarization.
Marking the fist copy of the input for creation of missing membranes.

U6 [ !l → [ ! ]
+
l ]


k , l,k ∈ A

Creating missing membranes.

U7 [ !$ → $ ]

l , l ∈ A

Releasing the target word in the corresponding location.
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U8 [ !$ → /0 ]

l , l ∈ A

Erasing the second copy of the input.

We underline that the constructions presented above also hold in a more general case, i.e., when the
dictionary is a multi-valued function. Indeed, multiple translations can be added to the dictionary as
multiple strings in the region associated to the input word. The search for a word with multiple transla-
tions will lead to all translations sent to the environment. The price to pay is that the construction is no
longer deterministic, since the order of application of rules S4 or F9 to different translations is arbitrary.
Nevertheless, the constructions remain “deterministic modulo the order in which the translations are sent
out". All constructions work in linear time with respect to the length of the input. The parallelism is vital
for checking for the absence of a needed submembrane, or for checking for the absence of a translation
of a given word; sending multiple translation results out is also parallel.

4 Discussion

In this paper we presented the linear-time algorithms of searching in a dictionary and updating it
implemented as membrane systems. We underline that the systems are constructed as reusable modules,
so they are suitable for using as sub-algorithms for solving more complicated problems.

The scope of handling dictionaries is not limited to the dictionaries in the classical sense. Under-
standing a dictionary as introduced in Section 3, i.e., a string-valued function defined on a finite set of
strings, leads to direct applicability of the proposed methods to handle alphabets, lexicons, thesauruses,
dictionaries of exceptions, and even databases. At last, it is natural to consider these algorithms together
with morphological analyzer and morphological synthesizer.
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Abstract: P Systems are computing devices inspired by the structure and the func-
tioning of a living cell. A P System consists of a hierarchy of membranes, each of
them containing a multiset of objects, a set of evolution rules, and possibly other
membranes. Evolution rules are applied to the objects of the same membrane with
maximal parallelism. In this paper we present an extension of P Systems, called
P Systems with Endosomes (PE Systems), in which endosomes can be explicitly
modeled. We show that PE Systems are universal even if only the simplest form of
evolution rules is considered, and we give one application example.
Keywords: P systems, PE Systems, Endosomes

1 Introduction

P Systems were introduced by Pǎun in [10] as distributed parallel computing devices inspired by the
structure and the functioning of a living cell. A P System consists of a hierarchy of membranes, each
of them containing a multiset of objects, representing molecules, a set of evolution rules, representing
chemical reactions, and possibly other membranes. For each evolution rule there are two multisets of
objects, describing the reactants and the products of the chemical reaction. A rule in a membrane can be
applied only to objects in the same membrane. Some objects produced by the rule remain in the same
membrane, where each membrane is identified by its labels, others are sent out of the membrane, others
are sent into the inner membranes. Evolution rules are applied with maximal parallelism, meaning that
it cannot happen that some evolution rule is not applied when the objects needed for its triggering are
available.

Many variants and extensions of P Systems exist that include features to increase their expressiveness
and that are based on different evolution strategies. Among the most common extensions we mention
P Systems with dissolution rules that allow a membrane to disappear and release in the surrounding
membrane all the objects it contains. We mention also P Systems with priorities, in which a priority
relationship exists among the evolution rules of each membrane and can influence the applicability of
such rules, and P Systems with promoters and inhibitors, in which the applicability of evolution rules
depends on the presence of at least one occurrence and on the absence, respectively, of a specific object.
See [11] for the definition of these (and other) variants of P Systems and [14] for a complete list of
references to the bibliography of P Systems.

In this paper we present another extension of P Systems, called P Systems with Endosomes (PE
Systems), with the following features:

• objects can be contained inside the regions delimited by the membranes and on the surfaces of the
membranes (as in P Systems with peripheral proteins [6, 13] and as in membrane systems with
surface objects [1, 2]);

Copyright c© 2006-2009 by CCC Publications



P Systems with Endosomes 215

• rules are contained on the surfaces of the membranes (they can rewrite objects outside/on/into the
membranes);

• endosomes can be explicitly created in order to model a biologically inspired transportation mech-
anism.

The definition of this extension of P Systems has a biological inspiration. In fact, the endocytosis of
macromolecules is the process by which cells absorb material (molecules such as proteins) from outside
the cell by engulfing it with their cell membrane. It is used by all cells because most substances important
to them are large polar molecules that cannot pass through the hydrophobic plasma membrane or cell
membrane. There exist three kinds of endocytosis: phagocytosis, pinocytosis, and receptor–mediated

endocytosis. In particular, phagocytosis (literally, cell–eating) is the process by which cells ingest large
objects, such as cells which have undergone apoptosis, bacteria, or viruses. The membrane folds around
the object, and the object is sealed off into a large vacuole known as a phagosome. Pinocytosis (literally,
cell–drinking) is concerned with the uptake of solutes and single molecules such as proteins, and, finally,
receptor–mediated endocytosis is a more specific active event where the cytoplasm membrane folds in-
ward to form coated pits. These inward budding vesicles bud to form cytoplasmic vesicles [11]. Figure 1
summarizes the kinds of endocytosis. From the point of view of the modeler, these three processes are
made possible by vesicles (in fact, this transportation mechanism is known as vesicle–mediated trans-

portation) which, in the most general case, engulf the macromolecules together with molecules from the
surface of the membranes (i.e., receptors). This leads to the creation of endosomes containing the en-
gulfed molecules. The endosomes transfer their content inside the cell by possibly interacting with other
components. The endosomes could also be degraded by the interaction with the lysosomes. We define
an extension of P Systems (PE Systems) which can explicitly model the creation of endosomes and their
interaction inside the cells and, consequently, can easily model these three kinds of endocytosis.

This variant of P Systems, together with other modeling features such as the modeling of exocytosis
(the biologically counterpart of endocytosis), and enriched with channel–mediated communication [3],
would provide a powerful and complete modeling language for naturally describing transportation mech-
anism of molecules inside cells.

Figure 1: Three kind of endocytosis: phagocytosis, pinocytosis and receptor–mediated endocytosis.
Picture taken from http://cellbiology.med.unsw.edu.au/units/science/lecture0806.htm

We show that PE Systems are universal even if only the simplest form of evolution rules is considered,
namely non–cooperative rules. Finally, we give one application example to show that endosomes can
ease the description of biological systems when PE Systems are used as a modeling formalism.
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2 P Systems with Endosomes

In this section we formally define P Systems with endosomes (PE Systems). We assume the reader
to be familiar with the standard definition of P Systems [11]. We start by assuming the same membrane
structure µ of a P System. As regards objects, similarly to P Systems with peripheral proteins [6, 13], we
assume that objects can be contained inside a membrane (as in classical P Systems) and on the surface of
a membrane. In order to qualify in an evolution rule the position of an object with respect to a membrane,
we use in to identify the object inside the membrane, out to identify the object outside the membrane
and here to identify the object on the surface of the membrane. Let TAR be the set of message targets
{in,out,here}; given a set of objects V we denote with Vtar the corresponding set of messages O×TAR.

We can now introduce the evolution rules of PE Systems; rules are conceptually divided in evolution
rules (in the same sense of P Systems) and rules for the creation of endosomes. We recall that, differently
from P Systems, the rules of PE Systems are conceptually associated with the surfaces of the membranes
of the system. Evolution rules are of the form u → v where u ∈V +

tar, v ∈V ∗
tar, V +

tar = V ∗
tar\{ε} and ε is the

empty string. The definition of cooperative and non–cooperative rules are the same as for P Systems.
Notice that this format for evolution rules, which are syntactically different from those of P Systems,

may seem to be less expressive than the one of P Systems, in particular for rule moving objects into
specific regions enclosed by membranes (communication rules). In order to show that this is not the
case, let us assume an hypothetical membrane structure µ such that (l, l ′) ∈ µ , namely a membrane
structure in which l ′ is nested into l. In order to give a rule which moves an object inside membrane l ′

we cannot use the identifier inl ′ in a rule of the surface of the membrane l (as in P Systems) because we
cannot use the identifier l ′ as subscript to in. However, the same behaviour can be obtained by replacing
the rule u → (v, inl ′) in the membrane l, as in usual P Systems, with the PE System rule (u,out) → (v, in)

on the surface of the membrane l ′. The behaviour modeled by this rule, which is in some sense an
“attraction” by the nested membrane rather than the “sending” from the top membrane, leads to results
analogous to those obtained by P Systems, namely to the transportation of the object inside the nested
membranes.

The rules for creating endosomes are of the form endoE(u,v), where u,v ∈V ∗ and:

• E is a set of evolution rules for the endosome;

• u is the multiset of objects that must appear on the surface of the membrane containing the rule;

• v is the multiset of objects that must appear outside the membrane containing the rule.

Note that each endosome has got its own evolution rules in set E. These rules model the behaviour of
the endosome. As regards the creation of an endosome, it is necessary that objects in u are present on
the surface of the membranes (they can be seen as the receptors) and that objects in v are present outside
of the membrane creating the endosome (they can be seen as the molecules to be engulfed). We remark
that in our endosome rules, the objects inside and on the surface of the created endosome are explicitely
defined. This is different from the approach of [5] in which in the case of pino rules the surface objects are
randomly distributed to the two resulting membranes. More formally, the applicability of an endosome
rule is possible in the following general case: let ( j, i) ∈ µ and let endoE(u,v) be a rule belonging to the
surface of the membrane i, then it can be applied only if u is a submultiset of the objects contained on the
surface of the membrane i, and only if v is a submultiset of the objects contained inside the membrane j.
The result of the application of such a rule is the creation of an endosome inside membrane i containing
u on its surface and containing v inside. The endosome itself behaves like a membrane having on its
surface rules E.

We can now formally define a PE System as follows.

Definition 1. A PE System Π is a tuple (V,µ,w, . . . ,wn,z, . . . ,zn,R, . . . ,Rn) where:

• V is an alphabet whose elements are called objects;
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• µ ⊂ N×N is a membrane structure;

• wi with  ≤ i ≤ n are strings from V ∗ representing multisets over V associated with the content of
membranes ,, . . . ,n of µ;

• zi with  ≤ i ≤ n are strings from V ∗ representing multisets over V associated with the surfaces of
membranes ,, . . . ,n of µ;

• Ri with ≤ i ≤ n are finite sets of evolution and endosome rules associated with the surfaces of the
membranes ,, . . . ,n of µ .

The notions of (successful) computation and of result of computations of PE Systems are the same
as for standard P Systems.

3 Universality of PE Systems

In this section we prove a universality result for PE Systems by showing that any matrix grammar
with appearance checking can be simulated by a PE System. Before giving the result and its proof, we
recall from [11] the definition of this variant of matrix grammars and some related notions.

3.1 Matrix grammars with appearance checking

A (context-free) matrix grammar with appearance checking is a tuple G = (N,T,S,M,F), where N

and T are disjoint alphabets of non–terminals and terminals, respectively, S ∈ N is the axiom, M is a
finite set of matrices, namely sequences of the form (A → x, . . . ,An → xn) of context–free rules over
N ∪T with n ≥ , and F is a set of occurrences of rules in the matrices of M. For a string w, a matrix
m : (r, . . . ,rn) can be executed by applying its rules to w sequentially in the order in which they appear
in m. Rules of a matrix occurring in F can be skipped during the execution of the matrix if they cannot
be applied, namely if the symbol in their left–hand side is not present in the string.

Formally, given w,z ∈ (N ∪T )∗, we write w =⇒ z if there is a matrix (A → x, . . . ,An → xn) in M

and the strings wi ∈ (N ∪T )∗ with  ≤ i ≤ n+ such that w = w, z = wn+ and, for all  ≤ i ≤ n, either
(1) wi = w ′

i Aiw
′′
i and wi+ = w ′

i xiw
′′
i , for some w ′

i ,w
′′
i ∈ (N ∪T )∗, or (2) wi = wi+, Ai does not appear in

wi and the rule Ai → xi appears in F . We remark that F consists of occurrences of rules in M, that is, if
the same rule appears several times in the matrices, it is possible that only some of these occurrences are
contained in F .

The language generated by a matrix grammar with appearance checking G is defined as L(G) = {w ∈
T ∗ | S =⇒∗ w}, where =⇒∗ w is the reflexive and transitive closure of =⇒. The family of languages of
this form is denoted by MAT λ

ac, when rules having the empty string λ as right hand side (λ–rules) are
allowed, and by MATac when such rules are not allowed. Moreover, the family of languages generated
by matrix grammars without appearance checking (i.e., with F = /0) is denoted by MAT λ , when λ–rules
are allowed, and by MAT , when such rules are not allowed. It is known that (1) MAT ⊂ MATac ⊂CS; (2)
MAT λ ⊂ MAT λ

ac = RE, where CS and RE are the families of languages generated by context–sensitive
and arbitrary grammars, respectively.

Let ac(G) be the cardinality of F in G and let |x| denote the length of the string x. A matrix grammar
with appearance checking G = (N,T,S,M,F) is said to be in the strong binary normal form if N =

N ∪N ∪ {S,#}, with these sets mutually disjoint, ac(G) ≤  and the matrices in M are in one of the
following forms:

1. (S → XA), with X ∈ N,A ∈ N;

2. (X → Y,A → x), with X ,Y ∈ N,A ∈ N,x ∈ (N∪T )∗, |x| ≤ ;

3. (X → Y,A → #), with X ,Y ∈ N,A ∈ N;
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4. (X → λ ,A → x), with X ∈ N,A ∈ N,x ∈ T ∗, |x| ≤ .

Moreover, there is only one matrix of type 1, and F consists exactly of all rules A → # appearing in
matrices of type 3. We remark that # is a trap symbol, namely once introduced it cannot be removed, and
a matrix of type 4 is used only once, in the last step of a derivation.

For each matrix grammar (with or without appearance checking) there exists an equivalent matrix
grammar in the strong binary normal form. Consequently, for each language L ∈ RE there exists a matrix
grammar with appearance checking G satisfying the strong binary normal form and such that L(G) = L.

Conventions A matrix grammar with appearance checking in (strong) binary normal form is always
given as G = (N,T,S,M,F), with N = N ∪N ∪ {S,#} and with n+ matrices in M, injectively labeled
with m,m, . . . ,mn. The matrix m : (S → XinitAinit) is the initial one, with Xinit a given symbol from N

and Ainit a given symbol from N; the next k matrices are without appearance checking rules, mi : (X →
α,A → x), with  ≤ i ≤ k, where X ∈ N,α ∈ N ∪ {λ },A ∈ N,x ∈ (N ∪ T )∗, |x| ≤  (if α = λ , then
x ∈ T ∗); the last n − k matrices have rules to be applied in the appearance checking mode, mi : (X →
Y,A → #), with k + ≤ i ≤ n,X ,Y ∈ N, and A ∈ N.

Since the grammar is in strong binary normal form, we have (at most) two symbols B() and B() in
N such that the rules B( j) → # appear in matrices mi with k + ≤ i ≤ n.

We remark that in matrix grammars in strong binary normal forms we can assume that all symbols
X ∈ N appear as the left-hand side of a rule from a matrix: otherwise, the derivation is blocked after
introducing such a symbol, hence we can remove these symbols and the matrices involving them.

3.2 Universality

We prove that PE Systems are universal by showing that the family, denoted PsE(ncoo), of sets
Ps(Πe) of results computed by PE Systems with at least two membranes and with non–cooperative rules
is equivalent to the family, denoted PsRE, of the images of all the languages in RE obtained through the
Parikh mapping (this is the family of recursively enumerable sets of vectors of natural numbers). As P
Systems with non-cooperative rules are not universal, our result implies that universality is due to the
presence of endosomes.

Theorem 2. PsE(ncoo) = PsRE.

Proof. It is enough to show that for a matrix grammar G in strong binary normal form there is a PE
System ΠG such that Ps(ΠG) = ΨT (L(G)). We assume that the output of this PE System is given by the
objects sent out from the skin membrane. The alphabet of objects V we take into consideration is given
by T ∪N∪N∪ {c}∪ {ci,di,d

′
i | i = ,}. We build ΠG as a system with a root membrane, labeled , and

one child membrane labeled , namely µ = {(,)}. All the objects encoding the grammar will be stored
inside membrane  and the matrices will be simulated by membrane . The initial configuration is given
by the objects corresponding to Xinit and Ainit contained in membrane , namely objects of w, and by
the token c contained on the surface of membrane , namely z = {c}. Differently, w and z are initially
empty multisets.

This PE System works as follows: it has a cyclic behaviour such that, at the beginning of the cycle,
at most one endosome in membrane  can be created and, if possible, all terminal symbols inside mem-
brane  are sent out as output symbols. The created endosome can start a series of steps resulting in the
interpretation of the application of a matrix or, differently, it can start a checking phase to model the fact
that, if there exist non–terminal symbols which cannot be rewritten by any grammar, then the computa-
tion will not halt. In the case in which ΠG starts the simulation of a matrix of type  or  (a matrix mi

with  ≤ i ≤ k), the involved non–terminals are taken by the endosome which contains as rules the ones
interpreting the matrix. Objects will be sent into membrane  by these rules creating the result of the
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application of the the corresponding matrix to the non–terminals. Subsequently, these objects are sent
out to membrane  to restart the cyclic behaviour. We recall that during this process no other endosomes
can be created, hence no other matrices can be simulated. Differently, in the case in which a matrix of
type  (a matrix mi with k + ≤ i ≤ n) is applied, the single non–terminal of N is taken into the endo-
some. The endosome will work in the same sense of the endosomes interpreting matrices of type  and 
even though, at the end of the application of this matrix, instead of restarting with the cyclic behaviour,
a checking process is started. This process checks, by creating endosomes, the presence of the proper
non–terminal symbol B( j). If this symbol is found, a special endosome is created which will introduce a
trap symbol in this PE System so that the computation will not halt. Analogously, if the symbol is not
found, an endosome will restore the configuration of this PE System so that the cyclic behaviour can start
again.

We list now the rules of ΠG. Membrane  contains just one single set of rules to create the output of
the PE System:

1. {(a, in) → (a,out) | ∀a ∈ T } . All terminal objects in membrane  are sent out as output.

The simulation of any matrix is done by the rules of membrane  which are the following:

1. ∀X ∈ N ∪N. endo(X ,in)→(#,out)(c,X). If any non–terminal is present in membrane , ΠG will
always be able to create, by using an endosome, a trap symbol inside membrane . This will
ensure that, if a derivation of G reaches a deadlock configuration, then ΠG can always enter an
endless configuration.

2. ∀a ∈ N ∪N ∪T. (a, in) → (a,out). Every terminal and non–terminal present inside membrane 
is sent out to membrane .

3. (c, in) → (c,here). Object c inside membrane  is restored on the surface of membrane  so that
other endosomes can be created.

4. (#, in) → (#, in). The trap symbol lets this computation not to be recognized such.
5. mi : (X → α,A → x),≤ i ≤ k. endo(X ,in)→(α,out),(A,in)→(x,out),(c,here)→(c,out)(c,XA). For any rule of

type  and , we create an endosome by taking XA from membrane  and c from the surface of
membrane  (this locks the creation of other endosomes). The endosome contains rules to rewrite
X and A with the result of applying the matrix. Object c is not consumed and sent out to membrane
 together with α and x.

6. mi : (X → Y,A → #),k +  ≤ i ≤ n. endo(X ,in)→(Y,out),(c,here)→(ci,out)(c,X). For any rule with ap-
pearance checking, we create an endosome by taking only X from membrane  and c from the
surface of membrane  (this locks the creation of other endosomes). The endosome contains rules
to rewrite X with Y and c with ci. Both objects are sent out to membrane .

7. (ci, in) → (ci,here)(di,here). Object ci, together with a new object di, is moved on the surface of
membrane .

8. endo(B(i),in)→(#,out)(ci,B
(i)). This implements the appearance checking feature of grammar G. We

create, if possible, an endosome by taking only B(i) from membrane  and ci from the surface of
membrane . The endosome creates a trap symbol in membrane ; this will make ΠG start an
endless computation.

9. (di,here) → (d ′
i ,here). The symbol di is rewritten in the same place as d ′

i . This is done even if
also rule 8 can be applied. However, in the case that rule 8 cannot be applied (namely B(i) was not
present), this completes the appearance checking operation and lets ΠG start an operation which
will restart its cyclic behaviour.

10. endo(ci,here)→(c,out),(d ′
i ,here)→λ (cid

′
i , /0). This endosome lets ΠG restart its cyclic behaviour. We

create an endosome by simply taking both the control symbols only c and d ′
i from the surface of

membrane . The endosome destroys d ′
i and rewrites ci with c in membrane  (restarting ΠG will

be obtained by applying rule 3).
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It is clear that these rules, applied in a proper order, provide the correct interpretation of the applica-
tion of any matrix to the starting symbols of the grammar and, consequently, we get Ps(ΠG) =ΨT (L(G))

which concludes the proof.

4 An Application: the EGF Signaling Pathway

In this section we give an application of PE systems to the description of the initial phases of the
EGFR signalling cascade.

EGF EGFR

EFF

CELL MEMBRANE

phosphorylat ions

CBL

UB

Endosome

Lysosome

DNA

RNA

Nucleus

Figure 2: The EGF signaling pathway (picture taken from [3]).

In Biology, signal transduction refers to any process by which a cell converts one kind of signal or
stimulus into another. Signals are typically proteins that may be present in the environment of the cell.
In order to be able to receive the signal, namely to recognize that the corresponding ligand is available in
the environment, a cell exposes some receptors on its external membrane. A receptor is a transmembrane
protein that can bind to a signal protein on its extracellular end. When such a binding is established, the
intracellular end of the receptor undergoes a conformational change that enables interaction with other
proteins inside the cell. This typically causes an ordered sequence of biochemical reactions inside the
cell, usually called signalling pathway, that are carried out by enzymes and may produce different effects
on the cell behaviour.

A complex signal transduction cascade, that modulates cell proliferation, survival, adhesion, mi-
gration and differentiation, is based on a family of receptors called epidermal growth factor receptors
(EGFRs). While EGFR signalling is essential for many normal morphogenic processes, the aberrant
activity of these receptors has been shown to play a fundamental role in proliferation of tumor cells. Epi-
dermal growth factor receptors (EGFR) are produced by specific genes in the DNA (through the RNA)
and they are located on the cell surface. Receptors are activated by the binding with a specific ligand
(epidermal growth factor, EGF) to form a EGFR (ligand-receptor) complex (COM). Upon activation,
EGFR undergoes a transition from a monomeric form to an active dimeric one (DIM). EGFR dimer-
ization stimulates its intracellular phosphorylation (DIMp) which activates signalling proteins. These
activated signalling proteins (effector proteins) initiate several signal transduction cascades, leading to
DNA synthesis and cell proliferation. After the activation of effector proteins, ligand-receptor dimers
are internalized in endosomes. An ubiquitin ligase, known as Cbl, binds an ubiquitin protein (UB) to the
dimer (ubiquitination). The ubiquitin protein targets the dimers for lysosomal degradation (see Figure 2).

The PE system modeling the EGF is given in Figure 3. Membrane  models the environment external
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Figure 3: A PE systems model of the EGF signaling pathway. The rules are represented inside the
membranes.

to the cell, membrane  represents the cell surface and membrane  is the nucleus. In the external
environment EGF corresponds to the epidermal growth factor EGF which can bind the receptor on the
surface of the cell. The receptor is modeled by EGFR in membrane 2, which can move on the surface
of the membrane. The complex of EGF with the receptor is obtained by rewriting EGF and EGFR with
the complex COM on the surface of membrane . After the binding of two complexes we can bind them
leading to a dimer DIM. Such a dimer, present on the surface of the membrane, can be phosphorylated
by a phosphorus P inside the cell. Such phosphorilated dimer DIMp could interact with protein SHC

and start a chain of interactions we do not model here aimed at activating cell proliferation. Furthermore,
it can be enclosed in an endosome which could either decompose the DIMp dimer into its original
components (in order to recycle the two EGFR proteins) or, if ubiquitine UB is present, degradate the
DIMp dimer and release the phosporus. The nucleus of the cell (membrane ) is responsible for the
production of EGFR through the DNA and RNA (dna and rna). The rna reaches the cell cytoplasm and
there it produces EGFR which is sent, again, to the cell surface.

5 Future Work and Conclusions

In this paper we have presented an extension of P Systems, called P Systems with Endosomes (PE
Systems), in which endosomes can be explicitly modeled. PE Systems uses some ideas taken from
other variants of P Systems, in particular as regards objects which can be stored on the surface of the
membranes we got inspiration by P Systems with peripheral proteins [6, 13] and by membrane systems
with surface objects [1, 2]. Furthermore, as regards other calculi, operations for modeling transportation
mechanisms have already been introduced in Brane Calculi [4] and in P Systems with transport and em-
bedded proteins [9]. Although similar, PE Systems permit to model in a clearer way these mechanisms.
An analysis of PE Systems and Brane Calculi [4] (and also some of their variants like projective Brane
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Calculi [7]) could be done along the line of the one done in [5, 12] for P Systems and Brane Calculi.
As regards expressiveness of this formalism, we have shown that PE Systems are universal even if

only the simplest form of evolution rules is considered, namely non–cooperative rules. This expressive-
ness is achieved by the use of endosomes as classical P Systems with this kind of rules are shown not to
be universal [10].

At the end of the paper we have given an application example describing the modeling of the initial
phases of the EGFR signalling cascade.
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Abstract: We study two very simple variants of P colonies: systems with only one
object inside the cells, and systems with insertion-deletion programs, so called P
colonies with senders and consumers. We show that both of these extremely simple
types of systems are able to compute any recursively enumerable set of vectors of
non-negative integers.
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1 Introduction

P colonies form a class of abstract computing devices modeling a community of simple agents acting
and evolving in a shared environment. They were introduced in [5] as very simple membrane systems,
similar in simplicity and architecture to so called colonies of formal grammars. (See [7] for more infor-
mation on membrane systems and [2, 4] for details on grammar systems theory.)

A P colony consists of a collection of cells, each having a number of objects inside and an associated
set of rules through which it can process these objects. Communication between the cells is only possible
indirectly through the environment which is common to all of them.

The capabilities of the computing agents are very restricted, and the number of objects present inside
a cell during the functioning of the system is previously fixed: it is usually one, two or three. The rules
are also of a very simple form. As we will see, they allow the transformation of objects inside the cells
and the transportation of objects between the cells and the environment. The rules are grouped into
programs. A program contains exactly as many rules, as the number of objects allowed to be present
inside the cell. The rules of the programs are applied to the objects inside the associated cells in parallel,
and this also affects the objects which are in the environment.

The P colony executes a computation by synchronously applying the programs to the objects inside
the cells and outside in the environment until a halting configuration is reached. The result of the com-
putation is obtained as the vector of copies of certain “final” objects present in the environment after the
system halts.
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In the following, after providing the formal definitions, we first give a short overview of results on the
computational completeness of the different P colony variants. Then we present new results about two
types of systems: first about the simplest possible P colonies, those which only have one object inside
every cell, and then about a new type called P colonies with senders and consumers, which have special
rules for insertion-deletion. We show that both kinds of these very simple devices are able to compute
any recursively enumerable set of vectors of non-negative integers.

2 Preliminaries

Let V be an alphabet, let V ∗ be the set of all words over V , and let ε denote the empty word. We
denote the number of occurrences of a symbol a ∈ V in w by |w|a. The set of non-negative integers is
denoted by N.

A multiset over an arbitrary (not necessarily finite) set V is a mapping M : V → N which assigns to
each object a ∈ V its multiplicity M(a) in M. The support of M is the set supp(M) = {a | M(a) ≥ }.
If V is a finite set, then M is called a finite multiset. A multiset M is empty if its support is empty,
supp(M) = /0. We will represent a finite multiset M over V by a string w over the alphabet V with
|w|a = M(a), a ∈V , and ε will represent the empty multiset.

We will also need the notion of a register machine which consists of a finite number of registers each
of which can hold an arbitrarily large non-negative integer (we say that the register is empty if it holds
zero), and a set of labeled instructions which specify how the numbers stored in the registers can be
changed.

Formally, a register machine is a construct M = (m,H, l, lh,R), where m is the number of registers,
H is the set of instruction labels, l is the start label, lh is the halting label, and R is the set of instructions.
Each label from H labels only one instruction from R. There are several types of instructions which can
be used. For li, l j, lk ∈ H and r ∈ {, . . . ,m} we have

• li : (ADD(r), l j, lk) - nondeterministic add: Add one to register r and then go to one of the instruc-
tions with labels l j or lk, non-deterministically chosen.

• li : (SUB(r), l j, lk) - subtract: If register r is non-empty, then subtract one from it and go to the
instruction with label l j, if the value of register r is zero, go to instruction lk.

• lh : HALT - halt: Stop the machine.

A register machine M computes a set N(M) of numbers in the following way: It starts with empty
registers by executing the instruction with label l and proceeds by applying instructions as indicated by
the labels (and made possible by the contents of the registers). If the halt instruction is reached, then the
number stored at that time in register 1 is said to be computed by M. Because of the non-determinism in
choosing the continuation of the computation in the case of ADD instructions, N(M) can be an infinite
set.

It is known (see, e.g., [6]) that in this way we can compute all sets of numbers which are Turing
computable.

If a set of output registers i, . . . , ir,  ≤ r ≤ m, i j ∈ {, . . . ,m} is specified, then M computes a set of
vectors of non-negative integers as follows. If the halt instruction is reached, then (v, . . . ,vr), where vk

is the number stored in register ik,  ≤ k ≤ r, is the vector of numbers computed by M, i.e., the result of
that computation.

Now we recall the definition of a P colony from [5]. A P colony is a construct Π =(V,e,F,C, . . . ,Cn),
n ≥ , where V is an alphabet (its elements are called objects). There are two kinds of distinguished ob-
jects: e ∈ V (the environmental object), and the objects in F ⊆ V (the set of final objects). The cells of
the colony are denoted by C, . . . ,Cn. Each cell is a pair Ci = (Oi,Pi), where Oi is a multiset over {e}
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having the same cardinality called capacity (here we only consider |Oi| ∈ {,}) for all i,  ≤ i ≤ n (the
initial state of the cell), and Pi is a finite set of programs. Each program consists of rules of the following
forms:

• a → b (internal point mutation), specifying that an object a ∈V inside the cell is changed to b ∈V .

• c −→ d (one object exchange with the environment), specifying that if c ∈ V is contained inside
the cell and d ∈ V is present in the environment, then c is sent out of the cell while d is brought
inside.

• c −→ d/c −→ d ′ (checking rule for one object exchange with the environment), specifying that if
c ∈ V is inside the cell then it is exchanged with d ∈ V from the environment, or if there is no d

outside but d ′ ∈V is present, then c is exchanged with d ′.

• c −→ d/c → d ′ (checking rule for one object exchange with the environment or internal point
mutation), specifying that if the exchange of c ∈V inside and d ∈V outside is not possible, then c

is changed to d ′ ∈V .

The programs contain one rule for each element of Oi, thus, the number of rules of a program coincides
with the cardinality of Oi,  ≤ i ≤ n.

In addition, P colonies with capacity of two may have programs of the form

• 〈a, in;bc → d〉 with a,b,c,d ∈V (deletion programs), specifying that if bc is present inside the cell
and a is present in the environment, then the objects inside are changed to d and a is brought in (a
is “deleted” from the environment).

• 〈a,out ;b → cd〉 with a,b,c,d ∈V (insertion programs), specifying that if ab is inside the cell, then
a is sent out (a is “inserted” into the environment) and b is changed to cd.

The programs of the cells are used in the non-deterministic maximally parallel manner: in each time
unit, each cell which is able to use one of its programs should use one. The use of a program means the
application of the rule(s) of the program to the object(s) in the cell.

This way, transitions among the configurations of the colony are obtained. A sequence of transitions
is a computation which is halting if it reaches a configuration where no cell can use any program. The
result of a halting computation is obtained from the number of copies of objects from F present in the
environment in the halting configuration. Because of the non-determinism in choosing the programs,
several computations can be obtained from a given initial configuration, hence with a P colony Π we can
associate a set of vectors of non-negative integers computed by all possible halting computations of Π .

Initially, the environment contains arbitrarily many copies of the environmental object e, and the cells
also contain one or two copies of e inside, depending on the capacity of the P colony.

For a P colony Π = (V,e,F,C, . . . ,Cn) as above, a configuration can be formally written as an (n+)-
tuple

(w, . . . ,wn;wE),

where wi ∈V ∗ represents the multiset of objects from cell Ci,  ≤ i ≤ n, and wE ∈ (V − {e})∗ represents
the multiset of objects from the environment different from the environmental object e. The initial
configuration is (ei, . . . ,ei;ε) where i ∈ {,} is the capacity of the cells.

A transition from a configuration to another is denoted as

(w, . . . ,wn;wE) ⇒ (w ′
, . . . ,w

′
n;w

′
E)

where w ′
E and each w ′

i is obtained from wi,  ≤ i ≤ n, and wE by executing one of the programs of Pi.
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The set of vectors in Nm, m = |F |, F = {o, . . . ,om}, computed by a P colony Π is defined as

N(Π) = {(|vE |o , . . . , |vE |om
) | (ei, . . . ,ei;ε) ⇒∗ (v, . . . ,vn,vE)}

where (ei, . . . ,ei,ε), i ∈ {,}, is the initial configuration, (v, . . . ,vn,vE) is a halting configuration, and
⇒∗ denotes the reflexive and transitive closure of ⇒.

Let us denote by PCOL(i, j,k,check) and PCOL(i, j,k,no-check) the classes of sets of vectors gener-
ated by P colonies with at most j ≥  cells of capacity i∈ {,}, having at most k ≥  programs associated
to a cell which contain or do not contain checking rules, respectively. If a numerical parameter is un-
bounded, we denote it by a ∗.

P colonies can simulate register machines with a rather limited number of programs per cell. In [3],
it was shown that

PCOL(,∗,,check) = PCOL(,∗,,check) = NRE

where NRE denotes the class of recursively enumerable sets of integer vectors. Even one cell is enough,
if it may have an arbitrarily large number of programs, that is,

PCOL(,,∗,check) = NRE.

Similar results were also obtained without the use of checking rules. In this case we have

PCOL(,∗,,no-check) = PCOL(,∗,,no-check) = NRE.

3 P colonies with one object

In [1] it was shown that if checking rules are allowed to be used, then all recursively enumerable sets
of vectors can even be generated by P colonies with capacity one, that is,

PCOL(,,∗,check) = NRE.

In the following we show that P colonies with six components generate all vectors even if checking
rules are not used.

Theorem 1. PCOL(,,∗,no-check) = NRE.

Proof. We construct a P colony simulating the computations of a register machine. Let us consider an m-
register machine M = (m,H, l, lh,P) and represent the content of the register i by the number of copies
of a specific object ai in the environment. We construct the P colony Π = (V,e,F,C, . . . ,C) with:

V = {e, li, l
′
i , l

′′
i , l̄i,Ki,Li,L

′
i ,L

′′
i ,L ′′′

i ,Ei,Fi,$i | for each li ∈ H}∪

{ai,ai, j |  ≤ i ≤ m,  ≤ j ≤ |H |}∪ {D,D ′,T },

F = {ai | register i is an output register}, and

Ci = (e,Pi), for  ≤ i ≤ .

Because initially there are only copies of e in the environment and inside the cells, we have to initialize
the simulation of the computation of M by generating the initial the label l, and an arbitrary number of
l ′i , l

′′
i for all li ∈ H. These symbols are generated by C and C with the following programs:

P ⊃ {〈e → l ′r〉,〈l
′
r −→ e〉,〈e → l ′′r 〉,〈l

′′
r −→ e〉 | lr ∈ H}∪

{〈e −→ D ′〉,〈D ′ → l〉,〈l −→ D〉},

P ⊃ {〈e → D ′〉,〈D ′ → D ′〉,〈D ′ −→ l ′〉,〈l
′
 → D〉,〈D −→ l ′′ 〉}.
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With these programs, from the configuration (e,e,e,e,e,e;ε), we obtain (D, l ′′ ,e,e,e,e; lw) where the
environment contains the label of the initial instruction, l, and w, a multiset of primed and double primed
instruction labels.

To simulate the instruction li : (ADD(r), l j, lk), cells C and C cooperate to add one copy of object ar

and object l j or lk to the environment.

P P

i : 〈D −→ ar,i〉 i : 〈Kk → lk〉 i : 〈e −→ li〉 i : 〈l ′i → Kk〉
i : 〈ar,i → ar〉 i : 〈l j −→ D〉 i : 〈li → ar,i〉 i : 〈K j −→ e〉
i : 〈ar −→ K j〉 i : 〈lk −→ D〉 i : 〈ar,i −→ l ′i 〉 i : 〈Kk −→ e〉
i : 〈ar −→ Kk〉 i : 〈ar,i → t〉 i : 〈t → t〉
i : 〈K j → l j〉 i : 〈l ′i → K j〉

It is not difficult to follow how the interplay of these two cells produce the configuration
(D, l ′′ ,e,e,e,e; l jarw

′) or (D, l ′′ ,e,e,e,e; lkarw
′) from a configuration (D, l ′′ ,e,e,e,e; liw) where w,w ′ are

multisets of l ′i , l
′′
i for li ∈ H and ar,  ≤ r ≤ m. If there is no l ′i present in the environment when

the program i of cell C should be used, then the programs i and i do not allow the halting of the
computation.

For each subtract instruction l f : (SUB(r), lg, ln) there are the following programs in P, P, P and
in P:

P P P P

f : 〈D ↔ L f 〉 f : 〈e −→ l f 〉 f : 〈L f → t〉 f : 〈e ↔ L ′
f 〉 f : 〈e ↔ L ′′

f 〉

f : 〈L f → E f 〉 f : 〈l f → L f 〉 f : 〈L ′
f → t〉 f : 〈L ′

f → l ′f 〉 f : 〈L ′′
f → l ′f 〉

f : 〈E f → Ff 〉 f : 〈L f ↔ l ′f 〉 f : 〈t → t〉 f : 〈l ′f ↔ ar〉 f : 〈l ′f −→ $ f 〉

f : 〈Ff → $ f 〉 f : 〈l ′f → L ′
f 〉 f : 〈l ′f ↔ $ f 〉 f : 〈$ f → lg〉

f : 〈$ f ↔ D〉 f : 〈L ′
f −→ l ′′f 〉 f : 〈$ f → l̄n〉 f : 〈lg ↔ e〉

f : 〈l ′′f → L ′′′
f 〉 f : 〈ar → e〉 f : 〈l ′f −→ l̄n〉

f : 〈L ′′′
f → L ′′

f 〉 f : 〈l̄n ↔ e〉 f : 〈l̄n → ln〉

f : 〈L ′′
f −→ e〉 f : 〈ln −→ e〉

In the following table we show how a subtract instruction can be simulated by the programs above.
Since C and C cannot apply any of their rules in any step of the following simulation, we omit them
from the table. The multiset of objects in the environment is denoted by [. . .], and for now we assume
that it always contains a sufficient amount of l ′i , l

′′
i objects for any li ∈ H.

First we consider the case when there is at least one object ar in the environment, that is, if the
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simulation starts in a configuration (D, l ′′ ,e,e,e,e; l f ar[. . .]).

configuration of Π programs to be applied
C C C C Env P P P P

. D e e e l f ar[. . .] − f − −

. D l f e e ar[. . .] − f − −

. D L f e e ar[. . .] − f − −

. D l ′f e e L f ar[. . .] f f − −

. L f L ′
f e e Dar[. . .] f f − −

. E f l ′′f e e L ′
f Dar[. . .] f f f −

. Ff L ′′′
f L ′

f e Dar[. . .] f f f −

. $ f L ′′
f l ′f e Dar[. . .] f f f −

. D e ar e $ f L
′′
f [. . .] − − f f

. D e e L ′′
f $ f [. . .] − − − f

. D e e l ′f $ f [. . .] − − − f

. D e e $ f [. . .] − − − f
. D e e lg [. . .] − − − f

. D e e e lg[. . .] − g − −

In 13 steps, from a configuration (D, l ′′ ,e,e,e,e; l f ar[. . .]) we obtain (D, l ′′ ,e,e,e,e; lg[. . .]) where lg
is the label of the instruction which should follow the successful decrease of the value of the nonempty
register r, and the environment contains a multiset of objects l ′i , l

′′
i for li ∈ H.

Now we consider the case when register r, which is the register to be decremented, stores zero, that is,
if the simulation starts in a configuration (D, l ′′ ,e,e,e,e; l f [. . .]) where the environment does not contain
any object ar.

configuration of Π programs to be applied
C C C C Env P P P P

. D e e e l f [. . .] − f − −

. D l f e e [. . .] − f − −

. D L f e e [. . .] − f − −

. D l ′f e e L f [. . .] f f − −

. L f L ′
f e e D[. . .] f f − −

. E f l ′′f e e L ′
f D[. . .] f f f −

. Ff L ′′′
f L ′

f e D[. . .] f f f −

. $ f L ′′
f l ′f e D[. . .] f f − −

. D e l ′f e $ f L
′′
f [. . .] − − f f

. D e $ f L ′′
f [. . .] − − f f

. D e l̄n l ′f [. . .] − − f −

. D e e l ′f l̄n[. . .] − − − f

. D e e l̄n [. . .] − − − f
. D e e ln [. . .] − − − f

. D e e e ln[. . .] − n − −

Similarly to the previous case, in 14 steps we obtain a configuration (D, l ′′ ,e,e,e,e; ln[. . .]) where ln
is the label of the instruction which should follow l f if register r is empty, that is, if the decrease of its
value is not possible.

Consider now what happens if there is an insufficient amount of objects l ′i , l
′′
i for li ∈ H is present

in the environment. Notice that such symbols are needed in step 3 and 5 by cell C. If there is no more
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available (not enough of them were produced in the initial phase by C and C), then the programs f,
f, and f do not allow the halting of the computation.

From these considerations we can see that after the initialization phase, all instructions of the register
machine M can be simulated by the P colony. If the label of the halt instruction, lh is produced, the
computation halts since there is no program for processing the object lh. The reader can immediately see
that Π computes the same set of vectors as M.

4 P colonies with senders and consumers

Now we continue with the investigation of two object P colonies with insertion-deletion programs. It
is not too difficult to see that if we allow a cell to contain both types of programs, then we can simulate
the other types of programs in two steps, thus, it is more interesting to consider P colonies having cells
which contain either insertion or deletion programs, but not both types at the same time. We call these
systems P colonies with senders and consumers. A sender is a cell with only insertion programs, a
consumer is a cell with only deletion programs.

Let us denote by PCOL(i, j,s-c) the class of sets of numbers generated by P colonies with senders
and consumers having at most i ≥  cells with at most j ≥  program each.

Example 2. (a) A P colony with one sender cell can generate the Parikh set of a regular language

L ⊆ T ∗. Let G = (N,T,P,S) be a regular grammar such that L(G) = L.

For generating the Parikh vectors of the words in L, we use, for each S → aB of P, the programs

〈e,out ;e → eS〉, 〈e,out ;S → aB〉 and then 〈x,out ;A → aB〉,x ∈ T for every A → aB in P. Finally, for

every rule of the form A → a we need 〈x,out ;A → aF〉,x ∈ T, 〈a,out ;F → FF〉, where F /∈ T ∪N.

(b) A P colony with one consumer cell can “consume” the Parikh set of a regular language L. To see

this, let M = (Q,T,δ ,q,F) be a deterministic finite automaton such that L(M) = L.

We need the program 〈e, in;ee → q〉, and to every transition δ (qi,a) = q j in M, we introduce

〈a, in;xqi → q j〉,x ∈ T ∪ {e}. If q j ∈ F in δ (qi,a) = q j we have to add the programs 〈a, in;xqi → F〉,x ∈ T,
where F /∈ Q∪T .

Now we show that three cells, one sender and two consumers are sufficient to generate all recursively
enumerable sets of integer vectors.

Theorem 3. PCOL(,∗,s-c) = NRE.

Proof. Consider an m-register machine M = (m,H, l, lh,P), m ≥ . We simulate M by representing
the content of the register i by the number of copies of a specific object ai in the environment. We
construct the P colony Π = (V,e,F,C,C,C) with:

V = {e, l, l ′, l ′′, l ′′′, liv, lv, l̄, ¯̄l | l ∈ H}∪ {ai |  ≤ i ≤ m}∪ {K,T,T,T,T,T},

F = {ai | register i is an output register}, and

Ci = (ee,Pi) for  ≤ i ≤ .

The P colony Π starts its computation in the initial configuration (ee,ee,ee;ε). We initialize the com-
putation by generating the initial label l with a program from P, 〈e,out ;e → ll〉 ∈ P obtaining
(ll,ee,ee;ε).

The simulation of an instruction with label li starts from a configuration (lili,ee,ee;w) where w ∈V ∗,
the multiset of objects in the environment, represents the counter contents of M.

To simulate an ADD instruction, we use the programs of P and P. For each li, l j, lk ∈ H with li being
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the label of an instruction li : (ADD(r), l j, lk), we have the following programs:

P P

i : 〈li,out ; li → arl j〉 i : 〈li, in;ee → T〉
i : 〈li,out ; li → arlk〉 i : 〈e, in; liT → e〉

i : 〈ar,out ; l j → l jl j〉 i : 〈li, in; ¯̄liT → T〉
i : 〈ar,out ; lk → lklk〉

Using these programs, we obtain a sequence of configurations

(lili,ee,ee;w) ⇒ (arl,ee,ee; liw) ⇒ (ll,ee, liT;arw)

where l is the label of the next instruction, that is, we either have (l jl j,ee, liT;arw), or the configuration
(lklk,ee, liT;arw). The contents of cell C, liT, will change in the next step to ee independently of the
several ways of the continuation of the computation, as we shall see later.

The program labeled with i is used if the instruction simulated before li was a SUB instruction (see
below). In this case, the configuration in which the simulation of li starts is (lili,ee, l̄iT;

¯̄liw) and we
need the steps (lili,ee, l̄iT;

¯̄liw) ⇒ (arl,ee, ¯̄liT; liw) ⇒ (ll,ee, liT;arw) and program i to obtain the same
configuration as before.

Now we show how to simulate a SUB instruction. For each l j, lk, ll ∈ H with l j being the label of an
instruction l j : (SUB(r), lk, ll), and for all labels ls ∈ H, we have the following programs.

P P P

j : 〈l j,out ; l j → l ′jl
′
j〉 j : 〈l j, in;ee → e〉 j : 〈l ′j, in;ee → T〉

j : 〈l ′j,out ; l ′j → l ′′j l ′′j 〉 j : 〈ar, in;el j → e〉 j : 〈e, in; l ′jT → T〉

j : 〈l ′′j ,out ; l ′′j → l ′′′j liv
j 〉 j : 〈l ′′j , in;el j → e〉 j : 〈l ′′j , in;eT → T〉

j : 〈l ′′′j ,out ; liv
j → l̄k l̄k〉 j : 〈l ′′′j , in;are → e〉 j,s : 〈l̄s, in; l ′′j T → T〉

j : 〈liv
j ,out ; l ′′′j → l̄l l̄l〉 j : 〈e, in; l ′′′j e → e〉 j,s : 〈l̄s, in;eT → T〉

j : 〈l̄k,out ; l̄k → ¯̄lk ¯̄lk〉 j : 〈liv
j , in;are → K〉 j,s : 〈 ¯̄ls, in; l̄sT → T〉

j : 〈 ¯̄lk,out ; ¯̄lk → lklk〉 j : 〈e, in; liv
j K → K〉 j,s : 〈e, in; ¯̄lsT → e〉

j : 〈l̄l,out ; l̄l → ¯̄ll ¯̄ll〉 j : 〈e, in;eK → K〉

j : 〈 ¯̄ll,out ; ¯̄lk → llll〉 j : 〈l ′′′j , in; l ′′j e → K〉

j : 〈e, in; l ′′′j K → K〉

j : 〈liv
j , in; l ′′j e → e〉

j : 〈e, in; liv
j e → e〉

In the following tables we show how the programs above simulate the execution of the instruction l j :

(SUB(r), lk, ll). To save space, we use the sign “/” to separate the different possible multisets which
might appear in the same row of the table.

First we consider the case when register r is not empty, that is, when there is at least one object
ar present in the environment. We see that starting with a configuration where C contains the objects
l jl j and the environment contains ar, in six steps we obtain a configuration where the object ar is re-
moved from the environment, and C either contains the label of the next instruction lk, or because of the
presence of program j, in P, the computation will never be able to halt.
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configuration of Π programs to be applied
C C C Env P P P

. l jl j ee ? arw
′ j − ?

. l ′jl
′
j ee ? l jarw

′′ j j ?

. l ′′j l ′′j l je ee l ′jarw j j j

. l ′′′j liv
j are l ′jT l ′′j w j/ j − j

. l̄k l̄k/l̄l l̄l are eT (l ′′′j /liv
j )l ′′j w j/ j j/ j j

. ¯̄lk ¯̄lk/ ¯̄ll ¯̄ll l ′′′j e/liv
j K l ′′j T (l̄k/l̄l)w j/ j j/ j j,k/ j,l

. lklk/llll ee/eK (l̄k/l̄l)T ( ¯̄lk/ ¯̄ll)w k/l −/ j j,k/ j,l

. l ′kl ′k/l ′l l ′l ee/eK ( ¯̄lk/ ¯̄ll)T (lk/ll)w k/l k/ j j,k/ j,l

. l ′′k l ′′k /l ′′l l ′′l (lk/ll)e/eK ee (l ′k/l ′l )w k/l k/ j j

Now we show the simulation of the l j : (SUB(r), lk, ll) instruction when there is no object ar is present
in the environment, that is, when register r is empty. In this case, similarly to the previous one, we either
get the objects lklk in the cell C, or the computation will not be able to halt.

configuration of Π rules to be applied
C C C Env P P P

. l jl j ee ? w j − ?

. l ′jl
′
j ee ? l jw j j ?

. l ′′j l ′′j l je ee l ′jw j − j

. l ′′′j liv
j l je l ′jT l ′′j w j/ j j j

. l̄k l̄k/l̄l l̄l l ′′j e eT (l ′′′j /liv
j )w j/ j j/ j −

. ¯̄lk ¯̄lk/ ¯̄ll ¯̄ll l ′′′j K/liv
j e eT (l̄k/l̄l)w j/ j j/ j j,k/ j,l

. lklk/llll eK/ee (l̄k/l̄l)T ( ¯̄lk/ ¯̄ll)w k/l j/− j,k/ j,l

. l ′kl ′k/l ′l l ′l eK/ee ( ¯̄lk/ ¯̄ll)T (lk/ll)w k/l j/k j,k/ j,l

. l ′′k l ′′k /l ′′l l ′′l eK/(lk/ll)e ee (l ′k/l ′l )w k/l j/k j

The rules to be applied and the objects contained by the cell C in row 1. and row 2. of the tables
above depend on the instruction li which was simulated before l j. If li is an ADD instruction, then we
have liT in the first row, and applying the program i from P we get ee in the second row, where no
program is applied until the next step. Also, w = w ′ = w ′′ in this case.

If li is a SUB instruction, then (as we can also see from row 7. and row 8.) the contents of the cell C

is l̄ jT and ¯̄l jT in the first two rows where the programs i, j and i, j are applied. In this case w ′′ = ¯̄l jw,
and w ′ = w.

As we have seen above, the P colony successfully simulates each instruction of M and since there
is no program to process lh, the label of the halt instruction, it also halts when the computation of M is
finished. It is also easy to see that M and Π compute the same set of vectors of non-negative integers.

5 Conclusion

We have examined extremely simplified variants of P colonies: P colonies of capacity one with no
checking rules, and P colonies with capacity two, but only with senders and consumers. We have shown
that even these very simple variants are able to simulate arbitrary register machines, that is, to compute
all Turing computable sets of vectors.
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Abstract: P-Lingua is a programming language for membrane computing. It was
first presented in Edinburgh, during the Ninth Workshop on Membrane Computing
(WMC9). In this paper, the models, simulators and formats included in P-Lingua in
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1 Introduction

Membrane computing (or cellular computing) is a branch of Natural Computing that was introduced
by Gh. Păun [10]. The main idea is to consider biochemical processes taking place inside living cells
from a computational point of view. The initial definition of this computing paradigm is very flexible
and many different models have been defined.

Each model displays characteristic semantic constraints that determine the way in which rules are
applied. Hence, the need for software simulators capable of taking into account different scenarios when
simulating P system computations comes to the fore. An initial approach could be defining inputs for
each simulator specifically. Nevertheless, this approach involves defining new input formats for each
simulator, so designing simulators would take a great effort. A second approach could be standardizing
the simulator input, so all simulators need to process inputs specified in the same format. These two
approaches raise up a trade-off: On the one hand, specific simulator inputs could be defined in a more
straightforward way, as the used format is closer to the P system features to simulate. On the other hand,
although the latter approach involves analyzing different P systems and models to develop a standard
format, there is no need to develop a new simulator every time a new P system should be simulated, as
it is possible to specify it in the standard input format. Moreover, researches would not have to devise a
new input format every time they specify a P system and would not need to change the way to specify P
systems which need to be simulated every time they move on to another model, as they would keep on
using the standard input format.

This second approach is the one considered in P-Lingua project, a programming language whose
first version, presented in [3], is able to define P systems within the active membrane P system model
with division rules. The authors also provide software tools for compilation, simulation and debug tasks.
From now on, we will call P-Lingua 1.0 this version of the language and its associated tools.

As P-Lingua is intended to become a standard for P systems definition, it should also consider other
models. In this paper, we present P-Lingua 2.0 as a framework to define cell-like P system models,
including several algorithms to simulate P system computations for the supported models (from now on,

Copyright c© 2006-2009 by CCC Publications
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simulators), as well as different formats to represent P systems with associated parsers to translate from
each other.

This paper is structured as follows. In Section 2 the supported models at this stage are enumerated.
The next section introduces some algorithms used to simulate P systems, focusing on the stochastic and
the probabilistic P system models. In Section 4 different file formats to representate cell-like P systems
are presented, for example, P-Lingua 2.0 programming language. Model definitions, simulators and
parsers have been encoded in a JAVA library, pLinguaCore c©, presented in Section 6, this library is free
software and it can be easily expanded. Command-line tools to compile files and simulate P systems
have been slightly modified - in Section 5 these changes are presented. The next section introduces one
of the first applications of P-Lingua, a software tool to describe and simulate ecosystems. Finally, some
conclusions and future work are enumerated in Section 8.

2 Supported P system models

The supported models developed so far are enumerated below, but a standard mechanism for defining
new cell-like models has been included on the P-Lingua 2.0 framework. Each model displays charac-
teristic semantic constraints entailing the rules applied, such as the number of objects specified on the
left-hand side, membrane creation, polarization, and so on. It is possible to define additional models by
including the corresponding semantic constraints within the plinguaCore JAVA library. This mechanism
has been used on all the existent models.

The supported P system models in P-Lingua 2.0 are Transition P Systems, Symport/Antiport P Sys-
tems, P Systems with active membranes, with membrane division and membrane creation rules, Proba-
bilistic P Systems and Stochastic P Systems. More details on those models can be found in [13], except
for Stochastic P Systems, which are described in [10].

3 Simulators

In P-Lingua 1.0, only one simulator was supported, since there was only one P system model defi-
nition. However, as new models have been included, new simulators have been developed, providing at
least one simulator for each supported model.

All simulators in P-Lingua 2.0 can step backwards (as well as the simulator in P-Lingua 1.0), but this
option should be set before the simulation starts.

P-Lingua 2.0 also takes into account the existence of different simulation algorithms for the same
model and provides a means for selecting a simulator among the ones which are suitable to simulate the
P system, by checking its model. So far, only the stochastic P system model provides several simulation
algorithms to choose, but the plugin-oriented architecture of the pLinguaCore JAVA library allows easily
to encode new simulators.

3.1 Simulators for Stochastic P Systems

In the original definitions P systems evolve in a non-deterministic and maximally parallel manner
(that is, all the objects in every membrane that can evolve by a rule must do it [10]). When trying to
simulate biological phenomena, like living cells, the classical non-deterministic and maximally parallel
approach is not valid anymore. First, biochemical reactions, which are modelled by rules, occur at a
specific rate (determined by the propensity of the rule), therefore they cannot be selected in an arbitrary
and non-deterministic way. Second, in the classical approach all time steps are equal and this does not
represent the time evolution of a real cell system.

The strategies to replace the original approach are based on Gillespie’s Theory of Stochastic Kinetics
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[6]. A constant c is associated to each rule, which provides P systems with a stochastic extension. The
constant c depends on the physical properties of the molecules involved in the reaction modeled by the
rule and other physical parameters of the system. Besides, it represents the probability per time unit at
which the reaction takes place. Also, it is used to calculate the propensity of each rule which determines
the probability and time needed to apply the rule.

Two different algorithms based on the principles stated above have been implemented and integrated
in pLinguaCore.

Multicompartimental Gillespie Algorithm

The Gillespie [6] algorithm or SSA (Stochastic Simulation Algorithm) was developed for a single,
well-mixed and fixed volume/compartment. P systems generally contain several compartments or mem-
branes. For that reason, an adaptation of this algorithm was presented in [10] and it can be applied in the
different regions defined by the compartmentalised structure of a P system model. The next rule to be
applied in each compartment and the waiting time for this application is computed using a local Gillespie
algorithm. The Multicompartimental Gillespie Algorithm can be broadly summarized as follows:

Repeat until a prefixed simulation time is reached:

1. Calculate for each membrane i, ≤ i ≤ m, and for each rule r j ∈ Rli the propensity, a j, by multi-
plying the stochastic constant c

li
j associated to r j by the number of distinct possible combinations

of the objects and substrings present of the left-side of the rule with respect to the current contents
of membranes involved in the rule.

2. Compute the sum of all propensities

a =

m∑

i=

∑

r j∈Rli

a j

3. Generate two random numbers r and r from the uniform distribution in the unit interval and
select τi and ji according to

τi =


a
ln(



r
)

ji = the smallest integer satisfying
ji∑

j=

a j > ra

In this way, we choose τi according to an exponential distribution with parameter a.

4. The next rule to be applied is r ji and the waiting time for this rule is τi. As a result of the application
of this rule, the state of one or two compartments may be changed and has to be updated.

The Multicompartimental Next Reaction Method

The Gillespie Algorithm is an exact numerical simulation method appropriate for systems with a
small number of reactions, since it takes a time proportional to the number of reactions (i.e., the number
of rules). An exact algorithm which is also efficient is presented in [5], the Next Reaction Method. It
uses only a single random number per simulation event (instead of two) and takes a time proportional to
the logarithm of the number of reactions. We have adapted this algorithm to make it compartimental.

The idea of this method is to be extremely sensitive in recalculating a j and ti, trying to recalculate
them only if they change. In order to do that, a data structure called dependency graph [5] is introduced.

Let r : u[v]l
c

−→ u ′[v ′]l be a given rule with propensity ar and let the parent membrane of l be labelled
with l ′. We define the following sets:
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• DependsOn(ar) = {(b, t) | b is an object or string whose quantity affect the value.

ar, t = l if b ∈ v and t = l ′ if b ∈ u}.

Generally, DependsOn(ar) = {(b, l) | b ∈ v}∪ {(b, l ′) | b ∈ u}

• Affects(r) = {(b, t) | b is an object or string whose quantity is changed when the rule.

r is excuted, t = l if b ∈ v∨b ∈ v ′ and t = l ′ if b ∈ u∨b ∈ u ′}.

Generally, Affects(r) = {(b, l) | b ∈ v∨b ∈ v ′}∪ {(b, l ′) : b ∈ u∨b ∈ u ′}.

Definition 1. Given a set of rules R = Rl ∪ ·· · ∪Rlm , the dependency graph is the directed graph G =

(V,E), with vertex set V = R and edge set E = {(vi,v j) | Affects(vi)∩DependsOn(av j
) 6= /0}

In this way, if there exists an edge (vi,v j) ∈ E and vi is executed, as some objects affected by this
execution are involved in the calculation of av j

, this propensity would have to be recalculated. The
dependency graph depends only on the rules of the system and is static, so it is built only once.

The times τi, that represent the waiting time for each rule to be applied, are stored in an indexed

priority queue. This data structure, discussed in detail in [5], has nice properties: finding the minimum
element takes constant time, the number of nodes is the number of rules |R|, because of the indexing
scheme it is possible to find any arbitrary reaction in constant time and finally, the operation of updating
a node (only when τi is changed, which we can detect using to the dependency graph) takes log |R|

operations.
The Multicompartimental Next Reaction Method can be broadly summarized as follows:

1. Build the dependency graph, calculate the propensity ar for every rule r ∈ R and generate τi for
every rule according to an exponential distribution with parameter ar. All the values τr are stored
in a priority queue. Set t ←  (this is the global time of the system).

2. Get the minimum τµ from the priority queue, t ← t + τµ . Execute the rule rµ (this is the next rule
scheduled to be executed, because its waiting time is least).

3. For each edge (µ,α) in the dependency graph recalculate and update the propensity aα and

• if α 6= µ , set

τα ←
aα,old(τα − τµ)

aα ,new

+ τµ

• if α = µ , generate a random number r, according to an exponential distribution with param-
eter aµ and set τµ ← τµ + r

Update the node in the indexed priority queue that holds τα .

4. Go to 2 and repeat until a prefixed simulation time is reached.

Both Multicompartimental Gillespie Algorithm and Multicompartimental Next Reaction Method are
the core of the Direct Stochastic Simulator and Efficient Stochatic Simulator, respectively. One of them,
which can be chosen in runtime, will be executed when compiling and simulating a P-Lingua file that
starts with @model<stochastic>.
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3.2 A Simulator for Probabilistic P Systems

Next, we describe how the simulator for probabilistic P systems implements the applicability of the
rules to a given configuration.

(a) Rules are classified into sets so that all the rules belonging to the same set have the same left–hand
side.

(b) Let {r, . . . ,rt} be one of the sets of rules. Let us suppose that the common left-hand side is u [v]αi
and their respective probabilistic constants are cr , . . . ,crt

. In order to determine how these rules
are applied to a given configuration, we proceed as follows:

– One computes the greatest number N so that uN appears in the parent membrane of i and vN

appears in membrane i.

– N random numbers x such that  ≤ x <  are generated.

– For each k ( ≤ k ≤ t) let nk be the amount of numbers generated belonging to interval
[
∑k−

j= cr j
,
∑k

j= cr j
) (assuming that cr = ).

– For each k ( ≤ k ≤ t), rule rk is applied nk times.

4 File formats to define P systems

Together with models and simulators, new formats have been included in P-Lingua 2.0. P-Lingua
1.0 provided a programming language to define P systems and an XML file format [3]. Both have
been upgraded to allow representations of P systems which have a cell-like structure. It also supports
backwards compatibility, so any file which defines a P system by using P-Lingua 1.0 is also recognized by
P-Lingua 2.0 tools. A detailed description of the syntax of P-Lingua programming language, including
the new extensions added in order to support the new models, can be found in [4].

A new format has been included as well, the binary format, whose purpose is to use less disk space
than the XML format.

At this point, the concepts input format and output format should be introduced. An input format is a
file format which, if a P system is specified in a file by following that format, the P system specified can
be processed by the pLinguaCore JAVA library. An output format is a file format which, if a P system is
specified in a file by following that format, that file can be generated by the library. These concepts are
similar to the source code and object code concepts [3].

For P-Lingua 2.0 framework, P-Lingua programming language is an input format, the binary format
is an output format and, eventually, XML is both an input and an output format. This means that P-
Lingua programs can be processed by pLinguaCore, binary files can be generated by pLinguaCore and
XML files can be both processed and generated by the library.

5 Command-line tools

P-Lingua 1.0 provided command-line tools for simulating P systems and compiling files which spec-
ify P systems [3]. In P-Lingua 2.0, the command-line tool general syntax has changed but, as it provides
backwards compatibility, all valid actions in P-Lingua 1.0 are still valid in P-Lingua 2.0, as well.
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5.1 The compilation command-line tool

The command-line tool general syntax for compiling input files is defined as follows:

plingua [-input_format] input_file [-output_format]

output_file [-v verbosity_level] [-h]

The command header plingua requests the system to compile the P system specified on a file to
a file specified on another, whereas the file input_file contains the programme that we want to be
compiled, and output_file is the name of the file that is generated [3]. Optional arguments are in
square brackets:

• The option -input_format defines the format followed by input_file, which should be an
input format.

• At this stage, valid input formats are P-Lingua and XML.

• If no input format is set, the P-Lingua format is assumed.

• The option -output_format defines the format followed by output_file, which should be an
output format.

• At this stage, valid output formats are XML and bin.

• If no input format is set, the XML format is assumed by default.

• The option -v verbosity level is a number between 0 and 5 indicating the level of detail of the
messages shown during the compilation process [3].

• The option -h displays some help information [3].

5.2 The simulation command-line tool

The simulations are launched from the command line as follows:

plingua_sim input_file -o output_file [-v verbosity level] [-h] [-to timeout]

[-st steps] [-mode simulatorID] [-a] [-b]

The command header plingua_sim requests the system to simulate the P system specified on a file,
whereas input_xml is an XML document where a P system is formatted on, and output file is the name
of the file where the report about the simulated computation will be saved [3]. Optional arguments are in
brackets:

• The option -v verbosity level is a number between 0 and 5 indicating the level of detail of the
messages shown during the compilation process [3]. If no value is specified, it is 3 by default.

• The option -h displays some help information [3].

• The option -to sets a timeout for the simulation defined in timeout (in milliseconds), so when the
time out has elapsed the simulation is halted. If the simulation has reached a halting configuration
before the time out has elapsed this option has no effect.

• The option -st sets a maximum number of steps the simulation can take (defined in steps), so
when the time out has elapsed the simulation comes to a halt. If the simulation has reached a
halting configuration or the time out has elapsed (in case the option -to is set) before the specified
number of steps have been taken this option has no effect.
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• The option -mode sets the specific simulator to simulate the P system (defined in simulatorID).
This option reports an error in case the simulator defined by simulatorID is not a valid simulator
for the P system model.

• The option -a defines if the simulation can take alternative steps. This option reports an error if
the simulator does not support alternative steps.

• The option -b defines if the simulation can step backwards. As every simulator supports stepping
backwards, this option does not report errors.

6 The pLinguaCore JAVA library

pLinguaCore c© is a JAVA library which performs all functions supported by P-Lingua 2.0, that is,
models definition, simulators and formats. This library reports the rules and membrane structure read
from a file where a P system is defined, detects errors in the file, reports them. If the P system is defined
in P-Lingua programming language, it locates the error in the file. This library performs simulations by
using the simulators implemented as well as taking into account all options defined. It reports the simu-
lation process, by displaying the current configuration as text and reporting the elapsed time. Eventually,
this library translates files that define a P system between formats, for instance, from P-Lingua language
format to binary format. This library is free software published under LGPL license [12], so everyone
who is interested can upgrade, change and distribute it respecting the license restrictions.

7 A tool for simulating ecosystems based on P-Lingua

The Bearded Vulture (Gypaetus barbatus) is an endangered species in Europe that feeds almost ex-
clusively on bone remains of wild and domestic ungulates. In [1], it is presented a first model of an
ecosystem related to the Bearded Vulture in the Pyrenees (NE Spain), by using probabilistic P systems
where the inherent stochasticity and uncertainty in ecosystems are captured by using probabilistic strate-
gies. In order to validate experimentally the designed P system, the authors have developed a simulator
that allows them to analyze the evolution of the ecosystem under different initial conditions. That soft-
ware application is focused on a particular P system, specifically, the initial model of the ecosystem
presented in [1]. With the aim of improving the model, the authors are adding ingredients to it, as new
species and more complex behaviour for the animals. The improved model, together with results of
virtual experiments made with this software application, is exhaustively described in [2].

A new GPL [11] licensed JAVA application with a friendly user-interface sitting on the pLinguaCore
JAVA library has been developed. This application provides a flexible way to check, validate and im-
prove computational models of ecosystem based on P systems instead of designing new software tools
each time new ingredients are added to the models. Furthermore, it is possible to change the initial
parameters of the modelled ecosystem in order to make the virtual experiments suggested by experts.
These experiments will provide results that can be interpreted in terms of hypotheses. Finally, some of
these hyphoteses will be selected by the experts in order to be checked in real experiments.

8 Conclusions and future work

Creating a programming language to specify P systems is an important task in order to facilitate the
development of software applications for membrane computing.

In [3] P-Lingua was presented as a programming language to define active membrane P systems
with division rules. The present paper extends that language to other models: transition P systems,
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symport/antiport P systems, active membranes P systems with division or creation rules, probabilistic P
systems and stochastic P systems.

We have developed a JAVA library which recognizes the models, implements several simulators for
each model and defines different formats to codify P systems, like the P-Lingua one or a new binary
format. This library can be expanded to define new models, simulators and formats.

It is possible to select different algorithms to simulate a P system, for example, there are two different
algorithms for stochastic P systems. The library can be used inside other software applications, in this
sense, we present a tool for virtual experimentation of ecosystems.

An internet website [14], still under construction, will be available to download the applications,
libraries, source-code and technical reports, as well as provide information about the progress of the
P-Lingua project. In addition, this site aims to be a meeting point for users and developers through the
use of web-tools as forums.

The syntax of the P-Lingua programming language is sufficiently standard for specifying different
models of cell-like P systems. However, a new version of the language is necessary in order to specify
tissue-like P systems but this will be the aim of a future work.

Although P-Lingua 2.0 provides a way to simulate and compile P-systems, command-line tools are
usually not user-friendly. It means it is not easy and intuitive for people to use them. For this purpose,
P-Lingua 1.0 provided an Integrated Development Environment (IDE) [3], which eased the way people
could use P-Lingua 1.0. For P-Lingua 2.0, a new IDE, called pLinguaPlugin, is being developed. Such
an application is integrated into the Eclipse platform [13], so it makes the most of Eclipse’s capabilities
to provide a framework for translating, developing and testing P systems. It aims to be user-friendly and
useful for P system researchers.
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Abstract: We consider spiking neural P systems as devices which can be used to perform
some basic arithmetic operations, namely addition, subtraction, comparison and multiplica-
tion by a fixed factor. The input to these systems are natural numbers expressed in binary
form, encoded as appropriate sequences of spikes. A single system accepts as inputs num-
bers of any size. The present work may be considered as a first step towards the design of a
CPU based on the working of spiking neural P systems.
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1 Introduction

Spiking neural P systems (SN P systems, for short) have been introduced in [3] as a new class of distributed
and parallel computing devices. They were inspired by membrane systems (also known as P systems) [12, 13, 7]
and are based on the neurophysiological behavior of neurons sending electrical impulses to other neurons. In SN
P systems the processing elements are called neurons and are placed in the nodes of a directed graph, called the
synapse graph. The contents of each neuron consist of a number of copies of a single object type, namely the spike.
Each neuron may also contain rules which allow to remove a given number of spikes from it, or to send spikes
(possibly with a delay) to other neurons. The application of every rule is determined by checking the contents of
the neuron against a regular set associated with the rule.

Formally, an SN P system of degree m ≥ , as defined in [4], is a construct of the form Π = (O,σ,σ, . . . ,σm,
syn, in,out), where O = {a} is the singleton alphabet (a is called spike); σ,σ, . . . ,σm are neurons, of the form
σi = (ni,Ri), with  ≤ i ≤ m, where: ni ≥  is the initial number of spikes contained in σi; Ri is a finite set of rules

of the following two forms:

(1) E/ac → a;d, where E is a regular expression over a, and c ≥ , d ≥  are integer numbers. If E = ac, then
it is usually written in the simplified form ac → a;d; similarly, if a rule E/ac → a;d has d = , then we can
simply write it as E/ac → a. Hence, if a rule E/ac → a;d has E = ac and d = , then we can write ac → a;

(2) as → λ , for s ≥ , with the restriction that for each rule E/ac → a;d of type (1) from Ri, we have as 6∈ L(E)

(where L(E) denotes the regular language defined by E);

syn ⊆ {,, . . . ,m}× {,, . . . ,m}, with (i, i) 6∈ syn for ≤ i ≤ m, is the directed graph of synapses between neurons;
in,out ∈ {,, . . . ,m} indicate the input and output neurons of Π .

The rules of type (1) are called firing (also spiking) rules, and are applied as follows. If the neuron σi contains
k ≥ c spikes, and ak ∈ L(E), then the rule E/ac → a;d ∈ Ri can be applied. The execution of this rule removes c

spikes from σi (thus leaving k − c spikes), and prepares one spike to be delivered to all the neurons σ j such that
(i, j) ∈ syn. If d = , then the spike is immediately emitted, otherwise it is emitted after d computation steps of the
system. (Observe that, as usually happens in membrane computing, a global clock is assumed, marking the time
for the whole system, hence the functioning of the system is synchronized.) If the rule is used in step t and d ≥ ,
then in steps t, t +, t +, . . . , t +d − the neuron is closed, so that it cannot receive new spikes (if a neuron has a

Copyright c© 2006-2009 by CCC Publications



First Steps Towards a CPU Made of Spiking Neural P Systems 245

synapse to a closed neuron and tries to send a spike along it, then that particular spike is lost), and cannot fire new
rules. In the step t +d, the neuron spikes and becomes open again, so that it can receive spikes (which can be used
starting with the step t +d +) and select rules to be fired.

Rules of type (2) are called forgetting rules, and are applied as follows: if the neuron σi contains exactly s

spikes, then the rule as → λ from Ri can be used, meaning that all s spikes are removed from σi. In what follows
we will use an extended version of forgetting rules, written in the form E/as → λ ;d. The application of these rules
is analogous to that of firing rules. With respect to their basic version, extended forgetting rules are controlled by
a regular expression, and may compete against firing rules for their application. It is possible to prove that the use
of extended forgetting rules does not modify the computational power of SN P systems.

In each time unit, if a neuron σi can use one of its rules, then a rule from Ri must be used. In case two or more
rules can be applied in a neuron at a given computation step, only one of them is nondeterministically chosen.
Thus, the rules are used in the sequential manner in each neuron, but neurons function in parallel with each other.

The initial configuration of the system is described by the numbers n,n, . . ., nm of spikes present in each
neuron, with all neurons being open. During the computation, a configuration is described by both the number of
spikes present in each neuron and by the number of steps to wait until it becomes open (this number is zero if the
neuron is already open). A computation in a system as above starts in the initial configuration. A positive integer
number is given as input to a specified input neuron. Usually, the number is specified as the time elapsed between
the arrival of two spikes. However, as discussed in [4], other possibilities exist: for example, we can consider the
number of spikes initially contained in the input neuron, or the number of spikes read in a given interval of time.
All these possibilities are equivalent from the point of view of computational power. To pass from a configuration
to another one, for each neuron a rule is chosen among the set of applicable rules, and is executed. Generally,
a computation may not halt. However, in any case the output of the system is usually considered to be the time
elapsed between the arrival of two spikes in a designated output cell. Defined in this way, SN P systems compute
(partial) functions of the kind f : N → N; they can also indirectly compute functions of the kind f : Nk → N by
using a bijection from Nk to N. It is not difficult to show that SN P systems can simulate register machines [4], and
hence are universal.

If we do not specify an input neuron (hence no input is taken from the environment) then we use SN P systems
in the generative mode; we start from the initial configuration, and we look at the output produced by the system.
Note that generative SN P systems are inherently nondeterministic, otherwise they would always reproduce the
same sequence of computation steps, and hence the same output. Dually, we can neglect the output neuron and
use SN P systems in the accepting mode; for k ≥ , the natural numbers n,n, . . . ,nk are read in input and, if the
computation halts, then the numbers are accepted. Also in these cases, SN P systems are universal computation
devices [3, 4].

In this paper we consider SN P systems in a different way. We will use them to build the components of
a restricted Arithmetic Logic Unit in which one or several natural numbers are provided in binary form, some
arithmetic operation is performed and the result is sent out also in binary form. The arithmetic operations we will
consider are addition, subtraction and multiplication among natural numbers. Each number will be provided to the
system as a sequence of spikes: at each time step, zero or one spikes will be supplied to an input neuron, depending
upon whether the corresponding bit of the number is  or . Also the output neuron will emit the computed number
to the environment in binary form, encoded as a spike train.

The paper is organised as follows. In section 2 we present an SN P system which can be used to add two
natural numbers expressed in binary form, of any length (that is, composed of any number of bits). In section 3 we
present an analogous SN P system, that computes the difference (subtraction) among two natural numbers. Section
4 contains the description of a very simple system that can be used to compare two natural numbers. Section 5
first extends the system presented in section 2 to perform the addition of any given set of natural numbers, and
then describes a spiking neural P system that performs the multiplication of any natural number, given as input,
by a fixed factor embedded into the system. Finally, section 6 concludes the paper and suggests some possible
directions for future research.

2 Addition

In this section we describe a simple SN P system that performs the addition of two natural numbers. We call
such a system the SN P system for 2-addition. It is composed of three neurons (see Figure 1): two input neurons
and an addition neuron, which is also the output neuron. Both input neurons have a synapse to the addition neuron.
Each input neuron receives one of the numbers to be added as a sequence of spikes, that encodes the number in
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Time step Input Input Add Output
t =  0 0 0 0
t =  0 1 0 0
t =  0 0 1 0
t =  1 1 0 1
t =  1 0 2 0
t =  1 1 2 0
t =  0 0 3 0
t =  0 0 1 1
t =  0 0 0 1

Table 1: Number of spikes in each neuron of ΠAdd , and number of spikes sent to the environment, at
each time step during the computation of the addition  + = 

binary form. As explained above, no spike in the sequence at a given time instant means  in the corresponding
position of the binary expression, whereas one spike means . Note that the numbers provided as input to the
system may be arbitrarily long. The input neurons have only one rule, a → a, which is used to forward the spikes
to the addition neuron as soon as they arrive. The addition neuron has three rules: a → a, a/a → λ and a/a → a,
which are used to compute the result.

Figure 1: An SN P system that performs the addition among two natural numbers

Theorem 1. The SN P system for 2-addition outputs the addition in binary form of two non-negative integers,

provided to the neurons σInput and σInput in binary form.

Proof. At the beginning of the computation, the system does not contain any spike. During the computation,
neuron σAdd may contain , ,  or  spikes. We can thus divide the behavior of σAdd in three cases:

• If there are no spikes, no rules are activated and in the next step 0 spikes are sent to the environment. This
encodes the operation + = .

• If there is 1 spike, then the rule a → a is triggered. The spike is consumed and one spike is sent out. This
encodes + = + = .

• If there are 2 spikes, then the rule a/a → λ is triggered. No spike is sent out and one spike (the carry)
remains in the neuron for the next step.

• If there are 3 spikes, then the rule a/a → a is applied. One spike is sent to the environment, two of them
are consumed and one remains for the next step.

From this behavior, it is easily seen that the output is computed correctly. At the third computation step, the
first of the spikes in the spike train that encodes the output in binary form is emitted by σAdd .

As an example, let us consider the addition  +  = , that in binary form can be written as  +

 = . Table 1 reports the number of spikes contained in each neuron of ΠAdd , as well as the number
of spikes sent to the environment, at each time step during the computation. The input and the output sequences
are written in bold.

3 Subtraction

The Subtraction SN P system, illustrated in Figure 2, consists of ten neurons. The first input number, the
minuend, is provided to neuron σInput in binary form, encoded as a spike train as described above. Similarly, the
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Figure 2: An SN P system that performs the subtraction among two natural numbers

Time step Input Input aux aux aux aux aux Sub Output
t =  0 0 0 0 0 0 0 0 0
t =  0 1 0 0 0 0 1 0 0
t =  0 1 0 0 0 1 1 1 0
t =  1 0 0 0 0 1 1 2 0
t =  1 0 1 1 1 0 1 3 1
t =  0 1 1 1 1 0 1 5 0
t =  1 1 0 0 0 1 1 4 0
t =  1 0 1 1 1 1 1 2 1
t =  0 0 1 1 1 0 1 6 1
t =  0 0 0 0 0 0 1 5 1

t =  0 0 0 0 0 0 1 1 0

Table 2: Number of spikes in each neuron of ΠSub, and number of spikes sent to the environment, at each
time step during the computation of the subtraction  − = 

second input number (the subtrahend) is supplied in binary form to neuron σInput . The set of neurons σaux , σaux

and σaux act as a multiplier of the minuend: they multiply by 3 the number of spikes provided by neuron σInput .
The system contains also a subsystem composed of neurons σgen, σaux_ f low and σaux , whose target is to provide
a constant flow of spikes to σSub. All the neurons mentioned up to now have only one rule: a → a. The neurons
σauxi

, for  ≤ i ≤ , are connected with neuron σSub; this is both the output neuron and the neuron in which the
result of the subtraction is computed, by means of six rules: a → λ , a/a → a, a/a → λ , a → a, a → λ and
a/a → a. At the beginning of the computation all neurons are empty except σgen, which contains one spike.

Theorem 2. The subtraction SN P system outputs the subtraction, in binary form, of two non-negative integer

numbers, provided in binary form to neurons σInput (the minuend) and σInput (the subtrahend).

The result can be easily checked by direct inspection of all possible cases. A detailed proof of this theorem —
not given here, due to the lack of space — can be found in [2].

As an example let us calculate −  = , that in binary form can be written as  −  =

. Table 2 reports the number of spikes that occur in each neuron of ΠSub, at each time step during the
computation. Note that at each step only one rule is active in the subtraction neuron, and thus the computation is
deterministic. The first time step in which the output starts to be emitted by the system is t = .
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Figure 3: An SN P system that compares two natural numbers of any length, expressed in binary form

4 Checking Equality

Checking the equality of two numbers is a different task with respect to computing addition or subtraction.
When comparing two numbers the output should be a binary mark, which indicates whether they are equal or not.
Since an SN P system produces a spike train, we will encode the output as follows: starting from an appropriate
instant of time, at each computation step the system will emit a spike if and only if the two corresponding input bits
(that were inserted into the system some time steps before) are different. So doing, the system will emit no spike
to the environment if the input numbers are equal, and at least one spike if they are different. Stated otherwise, if
we compare two n-bit numbers then the output will also be an n-bit number: if such an output number is 0, then
the input numbers are equal, otherwise they are different.

Bearing in mind these marks for equality and inequality, the design of the SN P system is trivial. It consists of
three neurons: two input neurons, having a → a as the single rule, linked to a third neuron, the checking neuron.
This checking neuron is also the output neuron, and it has only two rules: a → λ and a → a. The system is
illustrated in Figure 3.

5 Multiplication

In this section we present a first approach to the problem of computing the multiplication of two binary num-
bers by means of SN P systems. The main difference between multiplication and the addition or subtraction opera-
tions presented in the previous sections is that in addition and subtraction the n-th digit in the binary representation
of the inputs is used exactly once, to compute the n-th digit of the output, and then it can be discarded. On the con-
trary, in the usual algorithm for multiplication the different digits of the inputs are reused several times; hence the
design of a device that executes this algorithm needs some kind of memory. Other algorithms for multiplication,
such as Booth’s algorithm (see, for example, [1]) also need some kind of memory, to store the intermediate results.

We propose a family of SN P systems for performing the multiplication of two non-negative integer numbers.
In these systems only one number, the multiplicand, is provided as input; the other number, the multiplier, is instead
encoded in the structure of the system. The family thus contains one SN P system for each possible multiplier.

In the design of our systems, we exploit the following basic fact concerning multiplication by one binary digit:
any number remains the same if multiplied by 1, whereas it produces a 0 if multiplied by zero. Bearing this fact
in mind, an SN P system associated to a fixed multiplier only needs to add different copies of the multiplicand, by
feeding such copies to an addition device with the appropriate delay. Before presenting this design, we extend the
2-addition SN P system from section 2 to an n-addition SN P system.

5.1 Adding n numbers

In this section we present a family {ΠAdd(n)}n∈N of SN P systems which allows to add numbers expressed
in binary form. Precisely, for any integer n ≥  the system ΠAdd(n) computes the sum of n natural numbers. In
what follows we will call ΠAdd(n) the SN P system for n-addition. For n =  we will obtain the SN P system for
2-addition that we have described in section 2.

The system ΠAdd(n) consists of n +  neurons: n input neurons and one addition neuron, which is also the
output neuron. Each input neuron has only one rule, a → a, and is linked to the addition neuron. This latter
neuron computes the result of the computation by means of n rules ri, i ∈ {, . . . ,n}, which are defined as follows:
ri ≡ ai/ak+ → a if i is odd and i = k +, whereas ri ≡ ai/ak → λ if i is even and i = k.

As an example, Figure 4 shows ΠAdd(), the SN P system for 5-addition.
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Figure 4: An SN P system that performs the addition among five natural numbers

Theorem 3. The SN P system for n-addition outputs the addition in binary form of n non-negative integer numbers,

provided to the neurons σInput , . . . ,σInputn in binary form.

Proof. Let A, . . . ,An be the n numbers to be added, and let a
p
i a

p−
i . . .a

i be the binary expression of Ai, ≤ i ≤ n,
padded with zeros on the left to obtain (p+)-digit numbers (where p+ is the maximum number of digits among
the binary representations of A, . . . ,An). Hence we can write Ai =

∑p
k= ak

i 
k for all i ∈ {,, . . . ,n}.

For each i∈ {, . . . ,n}, let A ′
i be the number with binary expression a

p
i . . .a

i , i.e., A ′
i =

∑p
k= ak

i 
k−. Moreover,

let U =
∑n

i= a
i and let k ∈ N and α ∈ {,} such that U = k +α (α =  if U is odd and α =  if U is even). The

addition of A, . . . ,An can be written as:

n∑

i=

Ai =

n∑

i=

p∑

k=

ak
i 

k =

(

n∑

i=

p∑

k=

ak
i 

k

)

+

n∑

i=

a
i = 

(

n∑

i=

A ′
i + k

)

+α

According to this formula, if br . . .b is the binary expression of
∑n

i= Ai, then b = α and br . . .b is the binary
expression of

∑n
i= A ′

i + k.
Let us assume now that at the time instant t there are i spikes in neuron σAdd . These spikes can come from the

input neurons, or they may have remained from the previous computation step. Let us compute bt , the t-th digit of
the output, dividing the problem in the following cases.

• Let us assume that i is odd and i = k + . Then, according to the previous formula, bt =  and k units
should be added to the computation of the next digit. This operation is performed by the rule ai/ak+ → a. By
applying this rule, one spike is sent to the environment (bt = ) and k+ spikes are consumed, so that i−(k+) =

k +−(k +) = k spikes remain.
• Let us assume that i is even and i = k. Then, according to the previous formula, bt =  and k units should

be added to the computation of the next digit. This operation is performed by the rule ai/ak → λ . By applying
this rule, no spike is sent to the environment (bt = ) and k spikes are consumed, so that i− k = k − k = k spikes
remain for the next step.

As an example, let us consider the addition of the numbers 3, 4, 2, 7 and 1, whose binary representations are
, , ,  and , respectively. Table 3 shows the evolution of the number of spikes in the neurons
of the SN P system ΠAdd() (illustrated in Figure 4), as well as the number of spikes sent to the environment at
each computation step, when performing such an addition. The input and the output sequences are written in bold.
According with the computation, the result of the addition is  = .

5.2 Multiplication by a fixed multiplier

We now describe a family {ΠMult(n)}n∈N of SN P systems, one for each natural number n, that operate as
multiplier devices. Precisely, the system ΠMult(n) takes as input a number in binary form, and outputs the input
multiplied by n. The output is also expressed in binary form.

Given a natural number n, the SN P system ΠMult(n) is defined as follows. It consists of one input neuron,
σInput , linked to k neurons σaux , . . . ,σauxk

, where k is the number of occurrences of the digit 1 in the binary
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Time step Input Input Input Input Input Add Output
t =  1 0 0 1 1 0 0
t =  1 0 1 1 0 3 0
t =  0 1 0 1 0 4 1
t =  0 0 0 0 0 4 0
t =  0 0 0 0 0 2 0
t =  0 0 0 0 0 1 0
t =  0 0 0 0 0 0 1

Table 3: Number of spikes in each neuron of ΠAdd() (the system illustrated in Figure 4) and number
of spikes sent to the environment, at each time step during the computation of the addition  + +

 + + = 

representation of n. For each i ∈ {, . . . ,k}, neuron σauxi is connected with a new neuron σauxi , which is connected
with σauxi , etc. This sequence of neurons is a path of linked neurons that extends until reaching σauxi j i

, where ji is
the number of order of the corresponding digit in the binary representation of n, where the first digit corresponds
to , the second one corresponds to , and so on. All the last neurons of the k sequences are connected with a
final neuron σAdd , which is the same as the output neuron of the k-addition SN P system ΠAdd(k) described above.
This neuron has the rules for the addition of k natural numbers. All the other neurons have only the rule a → a.

For example, let us consider n = , whose binary representation is . Such a representation has three
digits equal to 1, at the positions 2, 4 and 5. The system ΠMult(), illustrated in Figure 5, has 13 neurons: σInput ,
σAdd , and three sequences of neurons associated with the three digits equal to 1: σaux and σaux , corresponding
to the 1 in the second position (corresponding to the power ); σaux , σaux , σaux and σaux , corresponding to
the 1 in the fourth position (corresponding to the power ); σaux , σaux , σaux , σaux and σaux , corresponding
to the 1 in the fifth position (corresponding to the power ).

The last neurons of these sequences, namely σaux , σaux and σaux , are linked to neuron σAdd , which is also
the output neuron. The rules of this neuron are a → a, a/a → λ and a/a → a, which are the same as in the
addition neuron of the 3-addition SN P system ΠAdd() described in the previous section.

Figure 5: An SN P system that computes the product among the natural number given as input (in binary
form) and the fixed multiplier  = , encoded in the structure of the system

Theorem 4. The SN P system ΠMult(n) built as above takes as input a number m in binary form and outputs the

result of the multiplication m ·n in binary form.

Proof. Since we already proved that the neuron σAdd performs the addition of several numbers in binary form, it
only remains to transform the multiplication m · n (where n is a fixed parameter) into an appropriate addition. To
this aim, let n =

∑q
j= n j

j. Then we can write

m ·n = m ·





q∑

j=

n j
j



 =

q∑

j=

(

m · j
)

n j =
∑

≤ j≤q ∧ n j=

(

m · j
)

According to this expression, m · n can be calculated as the addition of as many copies of m as the number
of digits n j equal to  that appear in the binary representation of n. Such copies have to be padded with j zeros
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Time step Input aux aux aux Add Out

t =  1 0 0 0 0 0
t =  0 0 0 0 0 0
t =  1 1 0 0 0 0
t =  1 0 0 0 1 0
t =  1 1 1 0 0 1
t =  0 1 0 1 2 0
t =  0 1 1 0 3 0
t =  0 0 1 1 3 1
t =  0 0 1 1 3 1

t =  0 0 0 1 3 1
t =  0 0 0 0 2 1
t =  0 0 0 0 1 0
t =  0 0 0 0 0 1

Table 4: Number of spikes in neurons σaux , σaux , σaux and σAdd of ΠMult() (the system illustrated
in Figure 5) and number of spikes sent to the environment, at each time step during the computation of
the multiplication  · = 

on the right (that is, they have to be multiplied by  j), to take into account the correct weight of n j. Hence, if
k =

∑q
j= n j then to compute m · n it suffices to provide k copies of m — each shifted in time of a number of

steps that corresponds to the weight of a bit n j equal to  — to a neuron that computes the addition of k natural
numbers.

6 Conclusion and Future Work

In this paper we have presented some simple SN P systems that perform the following operations: addition,
multiple addition, comparison, and multiplication by a fixed factor. All the numbers given as inputs to these
systems are expressed in binary form, encoded as a spike train in which at each time instant the presence of a
spike denotes 1, and the absence of a spike denotes 0. The outputs of the computations are also expelled to the
environment in the same form.

The motivation for this work lies in the fact that we would like to implement a CPU using only spiking neural P
systems. To this aim, the first step is to design the Arithmetic Logic Unit of the CPU, and hence to study a compact
way to perform arithmetical and logical operations by means of spiking neural P systems. Ours is certainly not
the unique possible way to approach the problem; other two possibilities are: (1) implementing the CPU as a
network composed of AND/OR/NOT Boolean gates, and (2) simulating the CPU by means of register machines. In
both cases, using techniques widely known in the literature, one could design an SN P system that simulates the
Boolean network (resp., the register machine), thus implementing the CPU.

In any case, an interesting extension to the present work is to try to design an SN P system for the multipli-
cation, where both the numbers m and n to be multiplied are supplied as inputs. And, of course, we would also
need a system to compute the integer division between two natural numbers; probably, this last system is the most
difficult to design.
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Abstract: Although testing is an essential part of software development, until re-
cently, P system testing has been completely neglected. Mutation testing (mutation
analysis) is a structural software testing method which involves modifying the pro-
gram in small ways. In this paper, we provide a formal way of generating mutants
for systems specified by context-free grammars. Furthermore, the paper shows how
the proposed method can be used to construct mutants for a P system specification.
Keywords: mutation testing, P systems, Kripke structures, context-free grammars

1 Introduction

Membrane computing, the research field initiated by Gheorghe Păun in 1998 [12], aims to define
computational models, called P systems, which are inspired by the behaviour and structure of the living
cell. Since its introduction in 1998, the P system model has been intensively studied and developed:
many variants of membrane systems have been proposed, a research monograph [13] has been published
and regular collective volumes are annually edited. Furthermore, a comprehensive bibliography of P
systems can be found at [16]. Of the many variants of P systems that have been defined, in this paper we
consider cell-like P systems without priority and membrane dissolving rules [13].

Testing is an essential part of software development and all software applications, irrespective of
their use and purpose, are tested before being released. Testing is not a replacement for a formal veri-
fication procedure, when the former is also present, but rather a complementary mechanism to increase
the confidence in software correctness [5]. Although formal verification has been applied to different
models based on P systems [1], until recently testing has been completely neglected in this context.

The main testing strategies involve either (1) knowing the specific function or behaviour a product
is meant to deliver (functional or black-box testing) or (2) knowing the internal structure of the product
(structural or white-box testing). In black-box testing, the test generation is based on a formal spec-
ification or model, in which case the process could be automated. A number of recent papers devise
black-box testing strategies for P systems based on rule coverage [4], finite state machine [8] and stream
X-machine [7] conformance techniques. In this paper, we propose an approach to P system testing based
on mutation analysis.

Mutation testing (mutation analysis) is a structural software testing method which involves modi-
fying the program in small ways [14], [9]. The modified versions of the program are called mutants.

Copyright c© 2006-2009 by CCC Publications
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Consider, for example, the following fragment of a Java program:

if (x ≥ &&a) y = y+; else y = y+;

Then mutants for this code fragment can be obtained by substituting: (i) && with another logic
operator, e.g., ||; (ii) ≥ with another comparison operator, e.g., >, =; (iii) + with another arithmetic
operators, e.g., −; (iv) substituting one variable (e.g., x) with another one, e.g., y (we assume that the two
variables have the same type).

Some (not all) mutants of the above code fragment are given below.

if (x ≥ ||a) y = y+; else y = y+;

if (x > &&a) y = y+; else y = y+;

if (x ≥ &&a) y = y−; else y = y+;

if (x ≥ &&a) y = y+; else y = y−;

if (x ≥ &&a) x = y+; else y = y+;
if (x ≥ &&a) y = y+; else x = y+;

A variety of mutation operators (ways of introducing errors into the correct code) for imperative
languages are defined in the literature [9], [10] (a few examples are given above). These are called
traditional mutation operators. Beside these, there are mutation operators for specialised programming
environments, such as object-oriented languages [10]. A popular tool for generating mutants for Java
programs is MuJava [15], [10].

The underlying idea behind mutation testing is that, in practice, an erroneous program either differs
only in a small way from the correct program or, alternatively, a bigger fault can be expressed as the
summation of smaller (basic) faults and so, in order to detect the fault, the appropriate mutants need to
be generated. If the test suite is able to detect the fault (i.e., one of the tests fails), then the mutant is said
to be killed. Two kinds of mutation have been defined in the literature: weak mutation requires the test
input to cause different program states for the mutant and the original program; strong mutation requires
the same condition but also the erroneous state to be propagated at the end of the program.

Mutation analysis has been largely used in white-box testing, but only a few tentative attempts to use
this idea in black-box testing have been reported in the literature [11]. Offutt et al. propose a general
strategy for developing mutation operators for a grammar based software artefact, but the ideas that
outline the proposed strategy for mutation operator development are rather vague and general and no
formalisation is provided.

In this paper we provide a formal way of generating mutants for systems specified by context-free
grammars. Given such a specification, a derivation (or parse) tree can be associated with it. Based on the
tree, we formally describe the process of generating the mutants for the given specification. Furthermore,
the paper shows how the proposed method can be used to construct mutants for a P system specification.

2 Preliminaries

For an alphabet V = {a, ...,ap}, V ∗ denotes the set of all strings over V ; λ denotes the empty string.
For a string u ∈V ∗, |u|ai

denotes the number of ai occurrences in u. Each string u has an associated vector
of non-negative integers (|u|a , ..., |u|ap

). This is denoted by ΨV (u).
The concept of context-free grammar is assumed to be known, for details we refer to a classical

textbook [6]. Only proper context-free grammar, i.e., with no useless symbols and no λ or renaming
productions, will be used in this paper. For any derivation from the start symbol to a string of terminal
symbols, w, a derivation (or parse) tree with the yield, the string of terminals obtained by concatening
the leaves from left to right, w, is associated. The set of terminal strings derived from the start symbol
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is called the language generated by the language. A grammar is said to be ambiguous if there exists a
string and in any leftmost derivation (always the leftmost nonterminal is rewritten) this can be generated
by more than one derivation (parse) tree. In the sequel possibly ambiguous grammars will be considered.

2.1 P systems

A basic cell-like P system is defined as a hierarchical arrangement of membranes identifying corre-
sponding regions of the system. With each region there are associated a finite multiset of objects and a
finite set of rules; both may be empty. A multiset is either denoted by a string u ∈ V ∗, where the order
is not considered, or by ΨV (u). The following definition refers to one of the many variants of P systems,
namely cell-like P systems, which uses non-cooperative transformation and communication rules [13].
We will call these processing rules. Since now onwards we will refer to this model as simply P system.

Definition 1. A P system is a tuple Π = (V,µ,w, ...,wn,R, ...,Rn), where V is a finite set, called al-

phabet; µ defines the membrane structure, which is a hierarchical arrangement of n compartments called
regions delimited by membranes - these membranes and regions are identified by integers 1 to n; wi,
 ≤ i ≤ n, represents the initial multiset occurring in region i; Ri,  ≤ i ≤ n, denotes the set of processing
rules applied in region i.

The membrane structure, µ , is denoted by a string of left and right brackets ([, and ]), each with the
label of the membrane it points to; µ also describes the position of each membrane in the hierarchy.
The rules in each region have the form u → (a, t)...(am, tm), where u is a multiset of symbols from V ,
ai ∈ V , ti ∈ {in,out,here},  ≤ i ≤ m. When such a rule is applied to a multiset u in the current region,
u is replaced by the symbols ai with ti = here; symbols ai with ti = out are sent to the outer region or
outside the system when the current region is the external compartment and symbols ai with ti = in are
sent into one of the regions contained in the current one, arbitrarily chosen. In the following definitions
and examples all the symbols (ai,here) are used as ai. The rules are applied in maximally parallel mode
which means that they are used in all the regions in the same time and in each region all the symbols that
may be processed, must be.

A configuration of the P system Π , is a tuple c = (u, ...,un), where ui ∈V ∗, is the multiset associated
with region i,  ≤ i ≤ n. A derivation of a configuration c to c using the maximal parallelism mode
is denoted by c =⇒ c. In the set of all configurations we will distinguish terminal configurations;
c = (u, ...,un) is a terminal configuration if there is no region i such that ui can be further derived.

For the type of P systems we investigate in this paper, multi-membranes can be equivalently col-
lapsed into one membrane through properly renaming symbols in a membrane. Thus, for the sake of
convenience, subsequently we will only focus on P systems with only one membrane.

2.2 Kripke structures

Definition 2. A Kripke structure over a set of atomic propositions AP is a four tuple M = (S,H, I,L),
where S is a finite set of states; I ⊆ S is a set of initial states; H ⊆ S×S is a transition relation that must
be left-total, that is, for every state s ∈ S there is a state s ′ ∈ S such that (s,s ′) ∈ H; L : S −→ AP is an
interpretation function, that labels each state with the set of atomic propositions true in that state.

Usually, the Kripke structure representation of a system results by giving values to every variable
in each configuration of the system. Suppose var, . . . ,varn are the system variables, Vali denotes the
set of values for vari and vali is a value from Vali,  ≤ i ≤ n. Then the states of the system are S =

{(val, . . . ,valn) | val ∈Val, . . . ,valn ∈Valn}, and the set of atomic predicates are AP = {(vari = vali) |

 ≤ i ≤ n,val ∈ Vali}. Naturally, L will map each state (given by the values of variables) onto the
corresponding set of atomic propositions. Additionally, a halt (sink) state is needed when H is not left-
total and an extra atomic proposition, that indicates that the system has reached this state, is added to AP.
For convenience, in the sequel AP and L will be omitted from the definition of a Kripke structure.
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3 Mutation testing from a context-free grammar

In this section we provide a way of constructing mutants for systems specified by context-free gram-
mars. Given the system specification, in the form of a parse tree, we formally describe the generation of
mutants for the given specification.

Consider a context-free grammar G = (V,T,P,S) and L(G) the language defined by G. We assume
that, for every production rule p : A −→ X . . .Xk, we have defined a set Mut(p), called the set of mutants

of p. A mutant p ′ of p is a production rule of the form A −→ X ′
 . . .X ′

n such that each symbol X ′
, . . . ,X

′
n

is either a terminal or is found among X, . . . ,Xk. Furthermore, p ′ is either a production rule of G itself
or has the form A −→ A, A ∈V ; this condition ensures that the yield of the mutated tree is syntactically
correct.

Among the mutants of p, the following types of mutants can be distinguished:

• A terminal replacement mutant is a production rule of the form A −→ X ′
 . . .X ′

k if there exists j,
 ≤ j ≤ k, such that X j,X

′
j ∈ T , X j 6= X ′

j and X ′
i = Xi,  ≤ i ≤ n, i 6= j.

• A terminal insertion mutant is a production rule of the form A −→ w where w is obtained by
inserting one terminal into the string X . . .Xk (at any position).

• A string deletion mutant is a production rule of the form A −→ w where w is obtained by removing
one or more symbols from X . . .Xk.

• A string reordering mutant is a production rule of the form A −→ w where w is obtained by
reordering the string X . . .Xk.

Given any parse tree Tr for G, the set of mutants of Tr is defined as follows:

• A one-node tree has no mutants.

• Let Tr be the tree with root A and subtrees Tr, . . . ,Trk having roots, nodes X, . . . ,Xk, respectively
and p ∈ P the corresponding production rule of G, of the form A −→ X . . .Xk. This is denoted by
Tr = MakeTree(A,Tr, . . . ,Trk). Let Tr ′ denote a mutant of Tr. Then either

– (subtree mutation) Tr ′ = MakeTree(A,Tr ′, . . . ,Tr ′k), where there exists j,  ≤ j ≤ k, such
that Tr ′j is mutant of Tr j and Tr ′i = Tri,  ≤ i ≤ k, i 6= j, or

– (rule mutation) Tr ′ = MakeTree(A,Tr ′, . . . ,Tr ′n), where there exists a mutant p ′ of p of the
form A −→ X ′

 . . .X ′
n such that for every i,  ≤ i ≤ n, there exists ji,  ≤ ji ≤ k, such that

Tr ′i = Tr ji .

According to [11] these operations can be made such as to keep the result produced by them in the
same language or in a larger one. In the first case a much simpler approach can be considered whereby
each rule having a certain nonterminal in the left hand side is replaced by another different rule having
the same nonterminal as left hand side. However the above set of operations provide a two stage method
which generates mutants by considering first the rule level and then the derivation (parse) tree. If these
operations are restricted to produce strings in the same language then we have the following result.

Lemma 3. Every mutant of a parse tree from G is also a parse tree from G.

Proof. Follows by induction on the depth of the tree.

Thus, the yield of any mutant constructed as above belongs to the language described by G and so
only syntactically correct mutants will be generated. Syntactically incorrect mutants are useless (they do
not produce test data) and so the complexity of the testing process is reduced by making sure that these
are ruled out from the outset.
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Let us consider the grammar G = (V,T,P,S) where V = {S}; T = {, . . . ,N}∪ {+,−}, with N a fixed
upper bound; P = {p, p}∪ {pi

 | ≤ i ≤N}, with p : S −→ S+S, p : S −→ S−S, pi
 : S −→ i, ≤ i ≤N.

Suppose we have the following rule mutants:

• for p : S −→ S −S (terminal replacement), S −→ S (string deletion)

• for p : S −→ S +S (terminal replacement), S −→ S (string deletion)

• for pi
 : S −→ i −  and S −→ i +  if  < i < N, S −→  if i =  and S −→ N −  if i = N.

The mutants of pi
 are of terminal replacement type and are based on a technique widely used in

software testing practice, called boundary value analysis. According to practical experience, many
errors tend to lurk close to boundaries; thus, an efficient way to uncover faults is to look at the
neighbouring values

Consider the string + −  and a parse tree for this string as represented in Figure 1 (leaf nodes
are in bold). The construction of mutants for the given parse tree is illustrated in Figures 2, 3 and 4.
Thus, the mutated strings are +−, +−, +−, +−, −, −, +−, +−,
++, −−, +, . Some of these produce the same result as the original string; these are called
equivalent mutants. Since no input value can distinguish these mutants from the correct string, they will
not affect the test suite when strong mutation is considered.

S + S

S

3

1 2

-

S

S

Figure 1: Example parse tree

4 P system mutation testing

Consider a 1-membrane P system Π = (V,µ,w,R), where R = {r, . . . ,rm}; each rule ri,  ≤ i ≤ m,
is of the form ui −→ vi, where ui and vi are multisets over the alphabet V . In the sequel, we treat
the multisets as vectors of non-negative integers, that is each multiset u is replaced by ΨV (u) ∈ NNNk,
where k denotes the number of symbols in V . In order to keep the number of configurations finite
we will assume that each component of a configuration u cannot exceed an established upper bound
denoted Max. We denote u ≤ Max if ui ≤ Max for every  ≤ i ≤ k and Nk

Max = {u ∈ NNNk | u ≤ Max}.
Analogously to [3], the system is assumed to crash whenever u ≤ Max does not hold (this is differ-
ent from the normal termination, which occurs when u ≤ Max and no rule can be applied). Under
these conditions, the 1-membrane P system Π can be described by a Kripke structure. In order to de-
fine the Kripke structure equivalent of Π we use two predicates, MaxParal and Apply, defined by:
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MaxParal(u,u,v,n, . . . ,um,vm,nm), u ∈ Nk
Max, n, . . . ,nm ∈ NNN signifies that a derivation of the config-

uration u in maximally parallel mode is obtained by applying rules r : u −→ v, . . . ,rm : um −→ vm,
n, . . . ,nm times, respectively; Apply(u,v,u,v,n, . . . ,um,vm,nm), u ∈ Nk

Max, n, . . . ,nm ∈ NNN, denotes
that v is the result of applying rules r, . . . ,rm, n, . . . ,nm times, respectively.

Then the Kripke structure equivalent M =(S,H, I,L) of Π is defined as follows: S = Nk
Max∪{Halt,Crash}

with Halt,Crash /∈ Nk
Max, Halt 6= Crash; I = w; H is defined by:

• (u,v) ∈ H, u,v ∈ Nk
Max, if ∃n, . . . ,nm ∈ NNN ·MaxParal(u,u,v,n, . . . ,um,vm,nm)∧

Apply(u,v,u,v,n, . . . ,um,cm,nm);

• (u,Halt) ∈ H, u ∈ Nk
Max, if ¬∃v ∈ Nk

Max,n, . . . ,nm ∈ NNN·
Apply(u,v,u,v,n, . . . ,um,vm,nm);

• (u,Crash) ∈ H if ¬∃v ∈ Nk
Max ∪ {Halt} · (u,v) ∈ H;

• (Halt,Halt) ∈ H, (Crash,Crash) ∈ H.

It can be observed that the relation H is left-total.
In order to use mutation analysis in P system testing we first have to describe an appropriate context-

free grammar, such that the P system specification can be written as a string accepted by this grammar.
The parse tree for the string is then generated and the procedure presented in the previous section is used
for mutant construction.

The grammar definition will depend on the level at which testing is intended to be performed. At a
high level (for instance in integration testing) the predicates MaxParal and Apply will normally be as-
sumed to be correctly implemented and so they will be presented as terminals in the grammar; obviously,
they can be themselves described by context-free grammars and appropriate mutants will be generated
in a similar fashion. On the other hand, it is possible to incorporate the definitions of the two predicates
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Figure 3: 2nd level mutants

into the definition of the transition relation H; in this case the corresponding grammar will be much more
complex and system testing will be performed in one single step.

The following (simplified) example illustrates the above strategy for high-level testing of P systems.

Example 4. Consider a 1-membrane P systems with 2 rules r : u −→ v, r : u −→ v. Then the

transition of the Kripke structure representation of Π is given by the formulae:

• (u,v) ∈ H, u,v ∈ N
Max, if ∃n,n ∈ N ·MaxParal(u,u,v,n,u,v,n)∧

Apply(u,v,u,v,n,u,c,n);

• (u,Halt) ∈ H, u ∈ N
Max, if ¬∃v ∈ N

Max,n,n ∈ NNN· Apply(u,v,u,v,n,u,v,n);

• (u,Crash) ∈ H if ¬∃v ∈ N
Max ∪ {Halt} · (u,v) ∈ H;

• (Halt,Halt) ∈ H, (Crash,Crash) ∈ H;

Then such a system can be described by a context-free grammar G = (V,T,P,S) where

V = {S,S,S,U,V,U,V,U,V}; T contains (bounded) vectors from NNN, the additional states Halt and
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Crash, predicates MaxParal and Apply, the "true" logical value, logical operators, quantifiers and other

symbols, i.e.,

T = N
Max ∪ {Halt,Crash,MaxParal,Apply, true,∧, ,∨,¬,∃,∀,n,n, ·,(,)}.

The set of production rules consists of: p : S −→ ¬S; p : S −→ S∧S; p : S −→ S∨S; p : S −→ true;

p : S −→ ∃n ·S; p : S −→ ∃n ·S; p : S −→ S ∧S; p : S −→ Apply(U,V,U,V,n,U,V,n);

p : S −→ MaxParal(U,U,V,n,U,V,n); rules that transform nonterminals U,U,V,U,V into

vectors from NNN.

The following mutants can be defined for the rules p to p: p ′
 : S−→ S; p ′

 : S−→ S∨S, p ′′
 : S−→ S;

p ′
 : S −→ S∧S, p ′′

 : S −→ S; p ′
 : S −→ ¬true; p ′

 : S −→ ∀n ·S; p ′
 : S −→ ∀n ·S. p ′

 : S −→ S∨S,

p ′′
 : S −→ S. For p mutants can be defined by negating de predicate, changing parameters such that

the obtained formula is syntactically correct, e.g., switch u and u. Similarly, mutants for p are obtained

by negating de predicate, changing parameters such that the obtained formula is syntactically correct.

For the remaining rules mutants are generated by adding  to or subtracting  from each integer value.
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5 Conclusions

In many applications based on formal specification methods the test sets are generated directly from
the formal models. The same applies to formal models based on grammars. However the approach
presented in [11], although novel and with many practical consequences, lacks a rigorous method of
defining the process of generating the mutants. In this paper a formal method is introduced to rigorously
define operations with rules and subtrees of derivation trees for context-free grammar formalisms. This
is then extended to P systems and some examples are provided to illustrate the approach. In this paper,
the mutation operators are applied to the Kripke structure equivalent of the P system rather than to the P
system itself. The advantage of this approach is that test values can be simply generated using a model
checking tool (these are the counterexamples returned by the tool). Future work may investigate the
application of the mutation operators directly to the P system and the associated test generation process.

Acknowledgment. This work is supported by the CNCSIS grant IDEI 643/2009 (EvoMT). The
authors are grateful to reviewers for their comments.
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Abstract: A central issue in systems biology is the study of efficient methods
inferring fluxes of biological reactions by starting from experimental data. Among
the different techniques proposed in the last years, the theory of Metabolic P systems,
which is based on the Log-Gain principle, proved to be helpful for deducing biologi-
cal fluxes from temporal series of observed dynamics. According to this approach,
the algebraic systems provided by the Log-Gain principle determine the reaction
fluxes underlying a system dynamics when initial fluxes are known. Here we propose
a heuristic algorithm for estimating the initial fluxes, that is tested in two case studies.

Keywords: Biological modeling, P systems, MP systems, Metabolic flux esti-
mation, Heuristic algorithms.

1 Introduction

In the last years, the problem of reverse-engineering of biological phenomena from experimental data
has spurred increasing interest in scientific communities. For these reasons, many computational models
inspired from biology have been proposed. Among these models, the Metabolic P systems [11, 12],
shortly MP systems, proved to be relevant in the analysis of dynamics of biochemical processes, that is,
structures where matter of different type is transformed by reactions. By means of MP systems models of
several interesting phenomena were provided, among which we mention: the Lotka-Volterra dynamics
[2, 3, 15], a Susceptible-Infected-Recovered epidemic [2], the Leukocyte Selective Recruitment in the
immune response [2], the Protein Kinase C Activation [3], the Mitotic Cycle [14], the Pseudomonas
Quorum Sensing [4] and the Non-Photochemical Quenching phenomenon [16].

The importance of MP systems is their potential applicability to the reverse-engineering problem of
biological phenomena. In fact, in the framework of MP systems, a theory called Log-Gain [10, 11, 12]
has been introduced, specifically devoted to the deduction of reaction fluxes, that is, the amount of
reactants transformed by the reactions at any step of the system.

As we will show, a key point for achieving this task consists in the discovery of the fluxes associated
to the passage of a metabolic system from the state at the initial observation instant to the next one. In
this paper a heuristic algorithm is proposed for estimating the initial fluxes vector from few steps of ob-
servation. In few words, the algorithm first roughly computes the initial fluxes by assuming they have a
form recalling the mass action principle, and then solves a system of equations to deduce the correspond-
ing fluxes at the next step. From these values, the algorithm evaluates how much of each substance is
necessary to activate the first evolution step, and finally the actual initial fluxes are computed by solving
a minimization problem.

The present paper is organized as follows. Section 2 is devoted to the definition of Metabolic P
Systems, while in Section 3 Log-Gain theory is briefly recalled. In Section 4 we describe the algorithm

Copyright c© 2006-2009 by CCC Publications
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which solves the initial fluxes problem. Section 5 reports the simulations of a couple of systems obtained
by starting with initial fluxes computed by our algorithm. Further remarks and some directions for future
research are discussed in the last Section.

2 Metabolic P systems

MP systems are a special class of dynamical systems (the reader can find some details concerning
dynamical aspects of MP systems in [13]), based on P systems [5, 18, 19], which are related to metabolic
processes. MP systems are essentially constituted by multiset grammars where rules are regulated by
specific functions depending on the state of the system. From a membrane computing point of view, MP
systems can be seen as deterministic mono-membrane P systems where the transitions between states
are calculated by a suitable recurrent equation. In an MP system the variation of the whole system is
considered in a macroscopic time interval. In this manner, the evolution law of the system includes the
knowledge of the contribution of each reaction in the evolution from one state to the next one. Therefore,
dynamics is given at discrete steps, and in each step, it is ruled by a partition of matter among the
reactions transforming it. The principle underlying the partitioning is called mass partition principle,
and it defines the transformations of object populations, rather than single objects, according to a suitable
generalization of chemical laws [11].

The following definition introduces the MP systems in a formal way (N, Z, and R denote the sets of
natural, integer, and real numbers, respectively).

Definition 1 (MP system). An MP system M is specified by the following construct:

M = (X ,R,V,H,Φ ,ν ,µ,τ)

where X , R and V are finite disjoint sets, and moreover the following conditions hold, with n,m,k ∈ N:

• X = {x,x, . . . ,xn} is a finite set of substances. This set represents the types of molecules;

• R = {r,r, . . . ,rm} is a finite set of reactions. A reaction r is a pair of type αr → βr, where αr

identifies the multiset of the reactants (substrates) of r and βr identifies the multiset of the products
of r (λ represents the empty multiset). The stoichiometric matrix A of a set R of reactions over
a set X of substances is A = (Ax,r | x ∈ X ,r ∈ R) with Ax,r = |βr|x − |αr|x, where |αr|x and |βr|x
respectively denote the number of occurrences of x in αr and βr. Of course, a reaction r can be seen
as the vector r = (Ax,r | x ∈ X) of Rn. We also set Rα(x) = {r ∈ R | x ∈ αr}, Rβ (x) = {r ∈ R | x ∈ βr},
and R(x) = Rα(x)∪Rβ (x);

• V = {v,v, . . . ,vk} is a finite set of parameters. This set represents entities which affect the dynam-
ics but are not transformed by reactions;

• H = {hv | v ∈V } is a set of parameters evolution functions. The function hv : N → R states the value
of parameter v, and H[i] = (hv(i) | v ∈V );

• Φ = {ϕr | r ∈ R} is the set of flux regulation maps, where, for each r ∈R, ϕr : Rn+k → R. Let q∈Rn

be the vector of substance values and s ∈ Rk be the vector of parameter values. Then (q,s) ∈ Rn+k

is the state of the system. We set by U(q,s) = (ϕr(q,s) | r ∈ R) the flux vector in the state (q,s),
constituted by the state q and by the parameters state s;

• ν is a natural number which specifies the number of molecules of a (conventional) mole of M;

• µ is a function which assigns, to each x ∈ X , the mass µ(x) of a mole of x (with respect to some
measure units).
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• τ is the temporal interval between two consecutive observation steps;

Let X [i] = (x[i],x[i], . . . ,xn[i]), for each i ∈ N, be the vector of substances values at the step i, and
let X [] be the initial values of substances. The dynamics of an MP system is completely identified by
the following recurrent equation, called Equational Metabolic Algorithm, shortly EMA:

X [i+] = A×U(X [i],H[i])+X [i] (1)

where A is the stoichiometric matrix of reactions having dimension n×m, while ×, +, are the usual
matrix product and vector sum. We denote by EMA[i] the system (1), which allows us to obtain the
vector X [i+] from vectors X [i] and U(X [i],X [i]).

If in an MP system the elements ν , µ , and τ are omitted, then the result is called MP grammar. It is a
multiset rewrite grammar where rules are regulated by specific functions. Such a grammar is completely
specified by: i) reactions, ii) flux regulation functions, iii) parameter evolution functions, iv) substances,
which are the elements occurring in the reactions, and their initial values and v) parameters, which are
the arguments of flux regulation functions different from substances. Parameter evolution maps and/or
initial values of substances may be omitted when only the MP grammar structure is specified.

3 Log-Gain Theory: a brief recall

The starting point of the Log-Gain theory [10, 11, 12] for MP systems is the Allometry Law [1, 7],
which has many possible formulations [10], but, in the case here discussed, it can be expressed in a
simple way. Namely, a proportion can be assumed, at each step, between the relative variations of the
flux of a reaction and the sum of relative variations of its reactants, with a possible gap, called offset.

Given the dynamics of an MP system, we will use the following simplified notations, for i ∈ N, and
r ∈ R:

ur[i] = ϕr(X [i],H[i]) and U [i] = (ur[i] | r ∈ R). (2)

Assuming to know the vectors X [i] and X [i + ], the equation (1) can be rewritten in the following
form, which we call ADA[i] (Avogadro and Dalton Action [12]):

X [i+]−X [i] = A×U [i]. (3)

Formula (3) expresses a system of n equations and m variables (n is the number of substances and
m the number of reactions) which is assumed to have maximal rank. This assumption is not restrictive.
In fact, if it does not hold, the rows which are linearly dependent on other rows can be removed, by
keeping the notations A, X [i+] and X [i] for the stoichiometric matrix and the vectors of concentration of
substances, respectively. We assume thus that A has maximum rank, which we newly call n. Then there
exist n linearly independent reactions of R, and we call R such a subset of reactions. From a metabolic
point of view, this means that fluxes of each reaction of R can be obtained as linear combination of fluxes
of the reactions of R.

Formally, ADA[i] is essentially the system EMA[i] introduced in Section 2. However, these two
systems have dual interpretations. In fact, in EMA[i], the vectors U [i] and X [i] are known, and the vector
X [i + ] is computed by means of them, while in ADA[i], the vector X [i +]− X [i] is known and U [i] is
computed by solving a system comprised of both the equations in ADA[i] and further equations, dictated
by the following Log-Gain principle, to state the reaction regulation level, as we will see by formula (6).

Indeed, since the number of reactions is realistically assumed greater than the number of substances,
then system (3) has more than one solution. Therefore, fluxes cannot be univocally deduced by means
of ADA[i]. The Log-Gain principle allows us to add more equations in order to get a univocally solvable
system which could provide the flux vector.
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The two following definitions state the Log-Gain principle. For the detailed motivations of this prin-
ciple we refer to papers on MP systems theory [10, 11, 12]. Further developments providing theoretical
and experimental evidences of this principle will be matter of forthcoming papers.

Definition 2 (Discrete Log-Gain). Let (z[i] |i ∈ N) be a real valued sequence. Then, the discrete log-gain
of z, for each step i, is given by the following equation:

Lg(z[i]) =
z[i+]− z[i]

z[i]
. (4)

Principle 1 (Log-Gain regulation). Let U [i] be the vector of fluxes at step i, for i ≥ , and let R ⊂ R be
a set of n linearly independent vectors of Rn. Then, the Log-Gain regulation can be expressed in terms
of matrix and vector operations:

(U [i+]−U [i])/U [i] = B×Lg(X [i])+C⊗P[i+] (5)

where:

• B = (pr,x |r ∈ R,x ∈ X ) where pr,x ∈ {,} with pr,x =  if x is a reactant of r and pr,x =  otherwise;

• Lg(X [i]) = (Lg(x[i]) |x ∈ X ) is the column vector of log-gains of substances;

• C = (cr |r ∈ R), where cr =  if r ∈ R, while cr = ;

• P[i+] is a column vector of values associated with the reactions and called (Log-Gain) offsets at
step i+;

• × denotes the usual matrix product;

• +, −, /, ⊗ denote the component-wise sum, subtraction, division and product of vectors.

If we assume to know the flux unit vector at step i and put together the equations (5) and (3) at steps
i and i+ respectively, we get the following linear system called Offset Log-Gain Adjustment module at
step i, shortly OLGA[i], where the number of variables (reported in bold font) is equal to the number of
equations:

A×UUU [iii+] = X [i+]−X [i+] (6)

(UUU [iii+]−U [i])/U [i] = B×Lg(X [i])+CCC⊗PPP[iii+].

Given the vector Lg(X [i]), for i = ,, . . . , l, where l ∈ N, it is possible to prove that OLGA[i], for
i = ,, . . . , l −, univocally provides U [i] for i = ,, . . . , l −.

4 An algorithm to estimate initial metabolic fluxes

The iteration of the OLGA module, introduced in the previous section in order to deduce the fluxes
of reactions, assumes the knowledge of the initial values of fluxes. This leads to the formulation of the
following problem.

Problem 1 (Initial Fluxes Problem). Given X [] and X [], find a flux vector U [] such that it satisfies the
initial dynamics, that is:

X [] ≅ A×U []+X []

where ≅ means that we are searching for the vector U [] providing the minimum value of the stoichio-
metric error, defined as (‖·‖ represents the Euclidean norm)

‖A×U []− (X []−X [])‖ .

The algorithm given below solves the Initial Fluxes Problem by using the knowledge about the dy-
namics in the first evolution steps in order to evaluate the amount of each substance which is necessary
to activate the first evolution step.
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4.1 The proposed algorithm

Our algorithm consists of three phases, some of which include different computational steps. The
first phase consists in the approximation of initial fluxes by assuming that fluxes are proportional to
the reactant quantities product. In the second phase an OLGA module is employed to approximate the
amount of substances which needs as a fuel for the first evolution step. In the third phase an optimization
problem is solved, which is based on the ADA system (3). The details of the algorithm work-flow are
described in the following.

Phase 1. The goal here is to roughly evaluate the initial reaction fluxes by assuming that they are
proportional to the reactants for certain initial evolution steps i. This could appear restrictive, but at this
stage we require only an initial approximation. Therefore, at a given step i, for all r ∈ R, we set:

ûr[i] = kryr[i] (7)

where kr ∈ R, and yr[i] is the product of all substance quantities, at the step i, which are reactants for r.
We suppose that if αr = λ then yr[i] = , and we set

Û [i] = (ûr[i] | r ∈ R). (8)

For example, in a metabolic system having three kinds of substances, a, b, c, and as a set of reactions
those given in the first column of Table 1, the relationships between the fluxes of these reactions and their
reactants are reported in the second column of Table 1.

For any x ∈ X , let us consider the following system, called Local-Stoichiometric Module at the step
i, where A is the stoichiometric matrix:

x[i+]− x[i] =
∑

r∈R(x)

Ax,rûr[i]. (9)

If we assume that the constants kr, with r ∈ R, do not sensibly change in few steps, then by applying
the system (9), in at most m − n steps either we obtain a square linear system of dimension m having
maximum rank or the algorithm ends without an output. In fact, under the assumption that the rank of
Local-Stoichiometric Module is n (that is, the number of equations) and that the number of variables is
m, with n < m, then the system is completely determined if we add other m−n equations. Assuming to
gain at least one new significant equation at each step i, then in at most m−n steps we obtain a system of
(m−n)n+n equations with m variables and rank equals to m. In this way, we can obtain a square linear
system having unique solution.

In the example reported in Table 1, we have a Local-Stoichiometric Module of  equations having
rank  which initially has  variables. At the second iteration of this module, starting from the step , we

Reactions Maps
r : a → bc kra

r : b → a krb

r : c → ab krc

r : c → cc krc

Table 1: Reactions and corresponding flux regulation maps of the Local-Stoichiometric Module.
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get other  equations finally giving the following system:

aaa[]−aaa[] = −kkkaaa[]+ kkkbbb[]+ kkkccc[]

b[]−b[] = ka[]− kb[]+ kc[]

ccc[]− ccc[] = kkkaaa[]− kkkccc[]+ kkkccc[]

a[]−a[] = −ka[]+ kb[]+ kc[]

bbb[]−bbb[] = kkkaaa[]− kkkbbb[]+ kkkccc[]

ccc[]− ccc[] = kkkaaa[]− kkkccc[]+ kkkccc[]

where a[] = , b[] = , c[] = , a[] = ., b[] = ., and c[] = .. This system has
rank , and  linearly independent equations are reported in bold font. Thus, we can obtain a system
of equations having unique solution. In general, if we start with the Local-Stoichiometric Module at
the step  then we can compute the vector Û [] = (ûr[] |r ∈ R) by applying the Local-Stoichiometric
module for a suitable number of steps. The algorithm stops with no output if after m−n iterations of the
above technique, the number of equations linearly independent is less than m.

Phase 2. The aim of this step is to estimate the amount of substance necessary to start the first system
evolution step. We describe this step along with two sub-phases.

In the first sub-phase we solve OLGA[] module, with U [] = Û [], where Û [] is the vector of fluxes
computed in the previous step. Let us call U∗ = (u∗r | r ∈ R) the solution of this system. However, if some
elements of this vector have a negative value, then we choose a different set of n linearly independent
reactions in OLGA and newly apply the above procedure. The algorithm stops with no answer if a
positive solution is not found after a number of attempts equal to the number of such different sets.
However, general methods are under investigation which systematically and efficiently search for an
unique positive solution U∗.

In the second sub-phase we compute, for each x ∈ X , the amount of substance x̄ occurring for the
application of the reactions in the first evolution step. If A− is the activation matrix defined by A−

x,r =

|αr|x, for x ∈ X , r ∈ R, then the searched values are obtained by computing the vector X̄ = A−×U∗.

Phase 3. In the last step we obtain the actual vector of fluxes U◦ by solving a norm minimization
problem [9] such that U◦ provides the minimum of the following (Euclidean) norm

‖A×ξ −(X []−X [])‖ (10)

over all the positive vectors ξ = (ξr | r ∈ R) of Rm such that

A
−×ξ = X̄ , (11)

where X̄ is the vector computed at the previous step.

5 Experiments

In this section, in order to evaluate the performance of our algorithm, we apply it to two case studies:
i) a synthetic oscillatory metabolic system and ii) the Belousov-Zhabotinsky reaction [8, 20, 21].

5.1 A synthetic metabolic system

Let us consider the synthetic non-cooperative metabolic system without parameters called Sirius [11]
and given by Table 2. Firstly, we compute U [] = (ϕ(X [],ϕ(X []), . . . ,ϕ(X []). Then, we use our
algorithm to approximate the vector of fluxes U◦. The two vectors are essentially the same.
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Reactions Flux regulation maps
r : a → aa ϕ = ka/(k + kc+ kb+ k)

r : a → b ϕ = kac/(k + kc+ kb+ k)

r : b → λ ϕ = kb/(k + k)

r : a → c ϕ = kab/(k + kc+ kb+ k)

r : c → λ ϕ = kc/(k + k)

X [] = (  ) k = k = k = ,k = k = .,k = 

Table 2: The Sirius MP grammar.

5.2 A biochemical case study

In this subsection the application of the algorithm to approximate the initial fluxes of the Belousov-
Zhabotinsky reaction, also known as BZ reaction, is discussed. This system represents a well-known
example of biochemical oscillatory phenomenon, in fact this is the first evidence of a chemical clock.
Although the stoichiometry of the BZ reaction is quite complicated, several simplified mathematical
models of this phenomenon have been proposed. In particular, Prigogine and Nicolis [17] proposed a
simplified formulation of the dynamics of the BZ reaction, called Brusselator, whose oscillating be-
haviour is represented by only two substances, x and y respectively, and it is governed by the following
system of differential equations:

dx

dt
= k − kx+ kxy− kx (12)

dy

dt
= kx− kxy

where k = ,k = ,k = − and k =  represent constant rates. We use the oscillatory dynamics
obtained by solving the system (12), with initial conditions x =  and y = , as experimental data on
which testing our algorithm. MP formulation of the Brusselator is expressed by the set of rewriting
rules reported in Table 3, where, according to the literature, the fluxes of each rule r depend on the
concentrations of the reactants of r. In fact, species x has two positive and two negative contributions,
while one positive and one negative contributions characterize y. Thus, the equations can be mapped into
suitable stoichiometry by following the strategy described in [6].

Rules
r : λ → x

r : x → y

r : xxy → xxx

r : x → λ

Table 3: A set of rewriting rules that describes the Brusselator stoichiometry.

In the case of BZ we adopt a different strategy of validation of our algorithm. In fact, there is a com-
plete correspondence between the dynamics computed by the differential model and that one computed
by the equational metabolic algorithm using the fluxes deduced by OLGA module (Figure 1), starting
from the initial fluxes inferred by means of our algorithm.

6 Conclusions

The study of efficient methods for defining MP systems from experimental data is of crucial im-
portance for systematic applications of MP systems to complex dynamics. An essential component of
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Figure 1: The BZ reaction fluxes calculated by solving the system (6) with initial vector of fluxes inferred
by our algorithm.

the regulation level of an MP system can be deduced by applying the Log-Gain theory to data that can
be collected from observations of the system. A crucial task to perform in this context is the reliable
determination of the initial vector of fluxes.

In this paper we have devised an algorithm to infer the initial reaction fluxes of a biological net-
work. The proposed algorithm has been validated on test cases of a synthetic metabolic oscillator and
the Brusselator phenomenon. Future investigations will be developed with the aim i) to develop the com-
putational features of this algorithm and ii) to show the applicability of our method to complex biological
cases.
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editors, Handbook of Membrane Computing, CHAPTER 16. Oxford University Press, 2009. To
appear.
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Abstract: Besides usual spikes employed in spiking neural P systems, we consider
“anti-spikes", which participate in spiking and forgetting rules, but also annihilate
spikes when meeting in the same neuron. This simple extension of spiking neural
P systems is shown to considerably simplify the universality proofs in this area: all
rules become of the form bc → b ′ or bc → λ , where b,b ′ are spikes or anti-spikes.
Therefore, the regular expressions which control the spiking are the simplest possi-
ble, identifying only a singleton. A possible variation is not to produce anti-spikes
in neurons, but to consider some “inhibitory synapses", which transform the spikes
which pass along them into anti-spikes. Also in this case, universality is rather easy
to obtain, with rules of the above simple forms.
Keywords: membrane computing, P system, spiking neural P system, computability

1 Introduction

The spiking neural P systems (in short, SN P systems) were introduced in [4], and then investigated
in a large number of papers. We refer to the respective chapter of [7] for general information in this area,
and to the membrane computing website from [9] for details.

In this note, we consider a variation of SN P systems which was suggested several times, i.e., in-
volving inhibitory impulses/spikes or inhibitory synapses and investigated in a few papers under various
interpretations/formalizations – see, e.g., [1], [2], [5], [8]. The definition we take here for such spikes –
we call them anti-spikes (somewhat thinking to anti-matter) – considers having, besides usual “positive"
spikes denoted by a, objects denoted by ā, which participate in spiking or forgetting rules as usual spikes,
but also in implicit rules of the form aā → λ : if an anti-spike meets a spike in a given neuron, then they
annihilate each other, and this happens instantaneously (the disappearance of one a and one ā takes no
time, it is like applying the rule aā → λ without consuming any time for that). We do not claim having
a clear biological counterpart of such issues, we only look for an elegant mathematical definition.

This simple extension of SN P systems is proved to entail a surprising simplification of both the
proofs and the form of rules necessary for simulating Turing machines (actually, the proofs here are
based on simulating register machines) by means of SN P systems: all rules have a singleton regular
expression, which, moreover, indicates precisely the number of spikes or anti-spikes to consume by the

Copyright c© 2006-2009 by CCC Publications
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rule. (Precisely, we have rules of the forms bc → b ′ or bc → λ , where b,b ′ are spikes or anti-spikes; such
rules, having the regular expression E such that L(E) = bc are called pure; formal definitions will be
given immediately.) This can be considered as a (surprising) normal form for this case; please compare
with the normal forms from [3], especially with the simplifications of regular expressions obtained there.

Anti-spikes are produced from usual spikes by means of usual spiking rules; in turn, rules consum-
ing anti-spikes can produce spikes or anti-spikes (actually, as we will see below, the latter case can be
avoided). A possible variant is to produce always only spikes and to consider synapses which “change
the nature" of spikes. Also in this case, universality is easily proved, using only pure rules.

2 Prerequisites

We assume the reader to be familiar with basic elements about SN P systems, e.g., from [7] and [9],
and we introduce here only a few notations, as well as the notion of register machines, used later in the
proofs of our results. We also assume familiarity with very basic elements of automata and language
theory, as available in many monographs.

For an alphabet V , V ∗ denotes the set of all finite strings of symbols from V , the empty string is
denoted by λ , and the set of all nonempty strings over V is denoted by V +. When V = {a} is a singleton,
then we write simply a∗ and a+ instead of {a}∗, {a}+.

A regular expression over an alphabet V is defined as follows: (i) λ and each a ∈ V is a regular
expression, (ii) if E,E are regular expressions over V , then (E)(E), (E)∪(E), and (E)

+ are regular
expressions over V , and (iii) nothing else is a regular expression over V . With each regular expression
E we associate a language L(E), defined in the following way: (i) L(λ ) = {λ } and L(a) = {a}, for all
a ∈ V , (ii) L((E)∪ (E)) = L(E)∪L(E), L((E)(E)) = L(E)L(E), and L((E)

+) = (L(E))
+, for

all regular expressions E,E over V . Non-necessary parentheses can be omitted when writing a regular
expression, and also (E)+∪ {λ } can be written as E∗.

The family of Turing computable sets of natural numbers is denoted by NRE.
A register machine is a construct M = (m,H, l, lh, I), where m is the number of registers, H is the

set of instruction labels, l is the start label (labeling an ADD instruction), lh is the halt label (assigned
to instruction HALT), and I is the set of instructions; each label from H labels only one instruction from
I, thus precisely identifying it. The instructions are of the following forms:

• li : (ADD(r), l j, lk) (add 1 to register r and then go to one of the instructions with labels l j, lk),

• li : (SUB(r), l j, lk) (if register r is non-empty, then subtract 1 from it and go to the instruction with
label l j, otherwise go to the instruction with label lk),

• lh : HALT (the halt instruction).

A register machine M computes (generates) a number n in the following way: we start with all
registers empty (i.e., storing the number zero), we apply the instruction with label l and we proceed to
apply instructions as indicated by the labels (and made possible by the contents of registers); if we reach
the halt instruction, then the number n stored at that time in the first register is said to be computed by M.
The set of all numbers computed by M is denoted by N(M). It is known that register machines compute
all sets of numbers which are Turing computable, hence they characterize NRE.

Without loss of generality, we may assume that in the halting configuration, all registers different
from the first one are empty, and that the output register is never decremented during the computation,
we only add to its contents.

We can also use a register machine in the accepting mode: a number is stored in the first register
(all other registers are empty); if the computation starting in this configuration eventually halts, then
the number is accepted. Again, all sets of numbers in NRE can be obtained, even using deterministic
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register machines, i.e., with the ADD instructions of the form li : (ADD(r), l j, lk) with l j = lk (in this case,
the instruction is written in the form li : (ADD(r), l j)).

Again, without loss of generality, we may assume that in the halting configuration all registers are
empty.

Convention: when evaluating or comparing the power of two number generating/accepting devices,
number zero is ignored.

3 Spiking Neural P Systems with Anti-Spikes

We recall first the definition of an SN P system in the classic form (without delays, because this
feature is not used in our paper) and of the set of numbers generated or accepted by it.

An SN P system of degree m ≥  is a construct

Π = (O,σ, . . . ,σm,syn, in,out), where:

1. O = {a} is the singleton alphabet (a is called spike);

2. σ, . . . ,σm are neurons, of the form

σi = (ni,Ri), ≤ i ≤ m, where:

a) ni ≥  is the initial number of spikes contained in σi;

b) Ri is a finite set of rules of the following two forms:

(1) E/ac → a, where E is a regular expression over a and c ≥ ;

(2) as → λ , for some s ≥ ;

3. syn ⊆ {,, . . . ,m}× {,, . . . ,m} with (i, i) /∈ syn for  ≤ i ≤ m (synapses between neurons);

4. in,out ∈ {,, . . . ,m} indicate the input and output neurons, respectively.

The rules of type (1) are firing (we also say spiking) rules, and they are applied as follows. If the
neuron σi contains k spikes, and ak ∈ L(E),k ≥ c, then the rule E/ac → a can be applied. The application
of this rule means removing c spikes (thus only k − c remain in σi), the neuron is fired, and it produces a
spike which is sent immediately to all neurons σ j such that (i, j) ∈ syn.

The rules of type (2) are forgetting rules and they are applied as follows: if the neuron σi contains
exactly s spikes, then the rule as → λ from Ri can be used, meaning that all s spikes are removed from
σi.

Note that we have not imposed here the restriction that for each rule E/ac → a of type (1) and as → λ
of type (2) from Ri to have as /∈ L(E).

If a rule E/ac → a of type (1) has E = ac, then we will write it in the simplified form ac → a and we
say that it is pure.

In each time unit, if a neuron σi can use one of its rules, then a rule from Ri must be used. Since two
firing rules, E/ac → a and E/ac → a, can have L(E)∩L(E) 6= /0, it is possible that two or more rules
can be applied in a neuron, and in that case only one of them is chosen non-deterministically. Thus, the
rules are used in the sequential manner in each neuron, but neurons function in parallel with each other.

The configuration of the system is described by the number of spikes present in each neuron. The
initial configuration is n,n, . . . ,nm. Using the rules as described above, one can define transitions among
configurations. Any sequence of transitions starting in the initial configuration is called a computation. A
computation halts if it reaches a configuration where no rule can be used. With any computation (halting
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or not) we associate a spike train, the sequence of zeros and ones describing the behavior of the output
neuron: if the output neuron spikes, then we write 1, otherwise we write 0.

When using an SN P system in the generative mode, we start from the initial configuration and we
define the result of a computation as the number of steps between the first two spikes sent out by the
output neuron. We denote by N(Π) the set of numbers computed by Π in this way. In the accepting
mode, a number n is introduced in the system in the form of a number f (n) of spikes placed in neuron
σin, for a well-specified mapping f , and the number n is accepted if and only if the computation halts.
We denote by Nacc(Π) the set of numbers accepted by Π . It is also possible to introduce the number n

by means of a spike train entering neuron σin, as the distance between the first two spikes coming to σin.
In the generative case, the neuron (with label) in is ignored, in the accepting mode the neuron out is

ignored (sometimes below, we identify the neuron σi with its label i, so we say “neuron i" understanding
that we speak about “neuron σi"). We can also use an SN P system in the computing mode, introducing
a number in neuron in and obtaining a result in (by means of) neuron out, but we do not consider this
case here.

We denote by NαSNP(rulek) the families of all sets Nα(Π), α ∈ {,acc}, computed by SN P systems
with at most k ≥  rules (spiking or forgetting) in each neuron.

Let us now pass to the extension mentioned in the Introduction. A further object, ā, is added to the
alphabet O, and the spiking and forgetting rules are of the forms

E/bc → b ′, bc → λ ,

where E is a regular expression over a or over ā, while b,b ′ ∈ {a, ā}, and c ≥ . As above, if L(E) = bc,
then we write the first rule as bc → b ′ and we say that it is pure.

Note that we have four categories of rules, identified by (b,b ′) ∈ {(a,a),(a, ā),(ā,a),(ā, ā)}.
The rules are used as in a usual SN P system, with the additional fact that a and ā “cannot stay

together", they instantaneously annihilate each other: if in a neuron there are either objects a or objects
ā, and further objects of either type (maybe both) arrive from other neurons, such that we end with ar

and ās inside, then immediately a rule of the form aā → λ is applied in a maximal manner, so that either
ar−s or ās−r remain, provided that r ≥ s or s ≥ r, respectively.

We stress the fact that the mutual annihilation of spikes and anti-spikes takes no time and that an-
nihilation has priority over spiking and forgetting rules, so that the neuron always contains either only
spikes or anti-spikes. That is why, for instance, the regular expressions of the spiking rules are defined
either on a or on ā, but not on both symbols. Of course, we can also imagine that the annihilation takes
one time unit, when the explicit rule aā → λ is used, but we do not consider this case here (if the rule
aā → λ has priority over other rules, then no essential change occurs in the proofs below; the no priority
case also remains to be investigated).

The computations and the result of computations are defined in the same way as for usual SN P
systems – but we consider the restriction that the output neuron produces only spikes, not also anti-
spikes (again, this is a restriction which is only natural/elegant, but not essential). As above, we denote
by NαSaNP(rulek, f org) the families of all sets Nα(Π), α ∈ {,acc}, computed by SN P systems with at
most k ≥  rules (spiking or forgetting) in each neuron, using also anti-spikes. When only pure rules are
used, we write NαSaNP(prulek).

4 Universality Results

We start by considering the generative case, for which we have the next result (universality is known
for usual SN P systems, without anti-spikes, but now both the proof is simpler and the used rules are all
pure):

Theorem 1. NRE = NSaNP(prule).
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Proof. We only have to prove the inclusion NRE ⊆ NSaNP(prule, f org).
Let us consider a register machine M = (m,H, l, lh, I) as introduced in Section 2. We construct an

SN P system Π (with O = {a, ā}) which simulates M in the way already standard in the literature when
proving that a class of SN P systems is universal. Specifically, we construct modules ADD and SUB to
simulate the instructions of M, as well as an output module FIN which provides the result (in the form
of a suitable spike train). Each register r of M will have a neuron σr in Π , and if the register contains
the number n, then the associated neuron will contain n spikes, except for the neuron σ associated
with the first register (the neurons associated with registers will either contain occurrences of a, hence
ā disappears immediately, or only ā is present, and it is consumed in the next step by a rule ā → a).
Two spikes are initially placed in the neuron σ associated with the first register, so if the first register
contains the number n, then neuron σ will contain n+ spikes. These two spikes are used for outputting
the computation result.
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Figure 1: Module ADD, simulating li : (ADD(r), l j, lk)

Note that the number of spikes in the neuron σ will not be smaller than two before the simulation
reaches the instruction lh and the output module FIN is activated, because we assume that the output
register is never decremented during the computation. One neuron σli is associated with each label
li ∈ H, and some auxiliary neurons σ

l
( j)
i

, j = ,,, . . . , will be also considered, thus precisely identified

by label li (remember that each li ∈ H is associated with a unique instruction of M).
The modules will be given in a graphical form, indicating the synapses and, for each neuron, the as-

sociated set of rules. In the initial configuration, all neurons are empty, except for the neurons associated
with label l of M and the first register, which contain one spike and two spikes, respectively. In general,
when a spike a is sent to a neuron σli , with li ∈ H, then that neuron becomes active and the module
associated with the respective instruction of M starts to work, simulating the instruction.

The functioning of the module from Figure 1, simulating an instruction li : (ADD(r), l j, lk), is obvious;
the non-deterministic choice between instructions l j and lk is done by non-deterministically choosing the
rule to apply in neuron σ

l
()
i

.

The simulation of an instruction li : (SUB(r), l j, lk) is also simple – see the module from Figure 2. The
neuron σli sends a spike to neurons σ

l
()
i

and σ
l
()
i

. In the next step, neuron σ
l
()
i

sends an anti-spike to

neuron σr, corresponding to register r; at the same time, σ
l
()
i

sends a spike to each neuron σ
l
()
i

,σ
l
()
i

. If

register r is non-empty, that is, neuron σr contains at least one a, then ā removes one occurrence of a,
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Figure 2: Module SUB, simulating li : (SUB(r), l j, lk)

which corresponds to subtracting one from register r, and no rule is applied in σr. This means σ
l
()
i

and

σ
l
()
i

receive only two spikes, from σ
l
()
i

and σ
l
()
i

, hence σl j
is activated and σlk not. If register r is empty,

then the rule ā → a is used in σr, hence σ
l
()
i

and σ
l
()
i

receive three spikes, and this leads to the activation

of σlk , which is the correct continuation also in this case.
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Figure 3: The FIN module

Note that if there are several sub instructions lt which act on register r, then σr will send one spike
to neurons σ

l
()
t

and σ
l
()
t

while simulating the instruction li : (SUB(r), l j, lk), but this spike is immediately

removed by the rule a → λ present in all neurons σ
l
()
t

,σ
l
()
t

.
The module FIN, which produces a spike train such that the distance between the first two spikes

equals the number stored in register 1 of M, is indicated in Figure 3. At some step t, the neuron σlh is
activated, which means that the register machine M reaches the halt instruction and the system Π starts
to output the result. Suppose the number stored in register 1 of M is n. At step t + , neurons σh , σh
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and σh contain a spike. Neurons σh and σh exchange spikes among them, and thus σh sends a spike
to neuron σh continuously until neuron σ spikes and neurons σh , σh , σh are “flooded". At step t +,
neuron σout receives a spike, and in the next step σout sends a spike to the environment; at the same
time, σ receives an anti-spike that decreases by one the number of spikes from σ. At step t + n + ,
the neuron σ contains one spikes, and in the next step neuron σ sends a spike to neuron σout . At step
t + n + , neuron σout spikes again. The distance between the first two spikes emitted by σout equals n,
which is exactly the number stored in register 1 of M. The spike produced by neuron σ “floods" neurons
σh , σh , and σh , thus blocking the work of these neurons. After the system sends the second spike out,
the whole system halts.

From the previous explanations we get the equality N(M) = N(Π) and this concludes the proof.

Note that in the previous construction there is no rule of the form āc → ā; is it possible to also avoid
other types of rules? For instance, the rule ā → a only appears in the neurons associated with registers in
module SUB. Is it possible to remove the ā → a by replacing it with the rules ac → a and a → ā?

If the SN P systems are used in the accepting mode, then a further simplification is entailed by the fact
that the ADD instructions are deterministic. Such an instruction li : (ADD(r), l j) can be directly simulated
by a simple module as in Figure 4.
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Figure 4: Module ADD, simulating li : (ADD(r), l j)

Together with SUB modules, this suffices in the case when the number to accept is introduced as the
number of spikes initially present in neuron σ. If this number is introduced in the system as the distance
between the first two spikes which enters the input neuron, then a input module is necessary, as used, for
instance, in [3]. Note that the module INPUT from [3] uses only pure rules (involving only spikes, not
also anti-spikes), hence we get a theorem like Theorem 1 also for the accepting case, for both ways of
providing the input number.

It is worth mentioning that in the previous constructions we do not have spiking rules which can be
used at the same time with forgetting rules.

5 Using Inhibitory Synapses

Let us now consider the case when no rule can produce an anti-spike, but there are synapses which
transform spikes into anti-spikes. The previous modules ADD, SUB, FIN can be modified in such a
way to obtain a characterization of NRE also in this case. We directly provide these modules, without
any explanation about their functioning, in Figures 5, 6, and 7; the synapses which change a into ā are
marked with a dot.

Note that this time the non-determinism in the ADD instruction is simulated by allowing the non-
deterministic choice among the spiking rule ā → a and the forgetting rule ā → λ of neuron σ

l
()
i

, which

is not allowed in the classic definition of SN P systems. Removing this feature, without introducing rules
which are not pure or other ingredients, such as the delay, remains as an open problem.

Denoting by NαSaNPs(prulek) the respective families of sets of numbers (the subscript s in Ps indi-
cates the use of inhibitory synapses, in the sense specified above), we conclude having the next result:
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Figure 5: Module ADD, simulating li : (ADD(r), l j, lk)
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Theorem 2. NRE = NSaNPs(prule).

6 Final Remarks

There are several open problems and research topics suggested by the previous results. Some of
them were already mentioned, but further questions can be formulated. For instance, can the proofs be
improved so that less types of rules are necessary? We have avoided using rules āc → ā, but not the other
three types, corresponding to the pairs (a,a),(a, ā),(ā,a). Then, following the idea from [6], can we
decrease the number of types of neurons, in the sense of having a small number of sets of rules which are
used in each neuron (three such sets are found in [6] to be sufficient for universality in the case of usual
SN P systems; do the anti-spikes helps also in this respect?). What about cases when the annihilation rule
aā → λ takes one time unit or/and it has no priority over other rules? By allowing the output neuron to
also produce anti-spikes we can get a spike train over a three letter alphabet: no output, producing spikes,
and producing anti-spikes, respectively. This can be an interesting way to produce languages (over three
letters or perhaps over two, ignoring the no-output steps).
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Abstract:
In this paper we introduce a new theoretical paradigm, called PGR systems, which can be
used to model in a discrete manner some natural phenomena occurring in-vivo/in-vitro en-
vironments. PGR systems make use of graphs to describe the spatial structure of space of
individuals, while the system dynamics caused by the movement/interaction of individuals
is captured by the parallel applications of some graph rewriting rules. In this frame, an il-
lustrative example is studied and based on it, an eloquent comparison between the abstract
rewriting machines and PGR systems is done. Several further ideas to overcome the global
computational effort needed for simulations, but still maintaining the overall ability for mod-
eling are finally proposed.
Keywords: parallel multiset processing, abstract rewriting systems, P systems

1 Introduction

Nowadays an increasing interest regards the study of the development of biological systems in which more
species of individuals interact (usually to perform a certain global task). Research ranging from completely dif-
ferent areas like the study of metapopulations (the study of groups of spatially separated populations of the same
species that live in fragmented habitats and interact at some level) and HIV infections was done in essentially the
same manner. Traditionally, such studies were done by employing continuous models where (partial) differential
equations were used to capture the dynamics of these systems.

Currently, the usage of discrete models where the system dynamics is captured from the collective actions
of individual entities has been shown to be a promising choice (see [4], [6], [7], [9]). This is based on the fact
that living organisms are spatially discrete and the individuals occupy particular localities at a given time. The
interactions between individuals are strongly connected with their neighborhood relations.

While characterizing these facts a basic issue regards the way the space is represented. Simple models that
involve no detailed spatial structure are in general analytically easily solvable. However, as the complexity of the
reaction-diffusion dynamics grows, the models based on partial differential equations become intractable to be
analyzed.

On the other hand, integrating within the model a detailed spatial structure (as cellular automata models do,
for instance) the setback comes in general from the impossibility to analyze the models except only by performing
simulations. Although such models have much greater biological reality, they suffer from the difficulty of gen-
eralization (hence of finding the exact behavior). This is especially important while formulating some practical
testable predictions regarding a given model.

P systems are formal computing devices that were initially inspired and abstracted from the cell functioning
(see [10]). In general, P systems make use of multisets to represent the computational support. These multisets are
placed inside the membranes which in their turn are disposed in some hierarchical tree structure. The (maximal)
parallel applications of some multiset rewriting rules (particular to each membrane) were used to process the
multisets.

Although these formal systems were extensively studied with respect to their computational power and ef-
ficiency, while representing some biological processes many difficulties arise. Representing the data support as
multisets essentially simplifies the structure of the environment and of the individuals interaction (the neighboring
relations between the individuals are completely ignored), the focus being over the system dynamics. However, in

Copyright c© 2006-2009 by CCC Publications
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this case, two main assumptions are considered: the environment is homogeneous so that the concentration of the
individuals do not change with respect to space and the number of individuals of each species in the environment
is “adequately" large (hence the concentration of the individuals might be assumed to vary continuously over the
time). Moreover, the rules that describe the interactions between the individuals are assumed to be executed in a
maximal parallel manner and governed by a global clock that marks equal steps.

Even if all these simplifications are useful while defining a computing formal framework, they are questionable
if the aim is to model and simulate actual biological systems. This is way many new features that are meaningful
to biologists were added to the original paradigm in order to extend its functionality and versatility for modeling.

In order to cope with these issues, probabilistic/stochastic P systems were introduced (see [4], [14], [2]). In
general, the main idea was to associate to the rules some weights describing how they should be applied at a
given moment. For a particular rule, the weight gives the susceptibility of its execution at certain instant. Hence,
employing this principle to all interaction rules it sets up more realistic bounds of the nondeterministic application
of the rules. The ultimate goal of this approach is to integrate the structural and dynamical characteristics of a real
bio-system into the way the rules of the model are selected to be applied and executed step by step (preserving
at the same time the unstructured computing support). Although this method has in general good simulation time
complexity it is inadequate if the interacting species are poorly represented, when there exist many “inactive"
individuals (that are not the subject of any rule) with respect to the entire population of individuals, or when the
environment is not homogeneous.

2 Preliminaries

We assume the reader familiar with the basic notions of P systems (one can consult [10] for more details), so
that here we only recall some notions regarding the abstract rewriting systems on multisets. ARM systems represent
a variant of P systems which was proposed in order to perform simulations of some bio-chemical processes. Later
on, due to its modeling flexibility, it was used to study some symbiotic mechanism of an ecological system and
even for proposing a novel theory of evolution.

ARMS is a stochastic model that uses multisets to represent the bio-chemical support. Multiset rewriting rules
are used to describe the bio-chemical reactions. As opposed to the classical definition of P systems where the rules
are applied in a nondeterministic, maximal parallel manner and with competition on the objects composing the
multisets, in ARMS the rules obey the Mass Action Law where the frequency of a reaction follows the concentra-
tion of bio-chemicals and a rate constant. Consequently, the rules to be applied are chosen probabilistically from
the rules set and each probability is given by the ratio of the total number of colliding chemicals of a reaction to
the sum of the total number of colliding chemicals of every reaction in the rule; the applications of the rules remain
parallel and with competition on the objects.

More formally, an ARM system is a construct Π = (O,w,R) where O is the alphabet of objects, w represents

the multiset of objects at the beginning of computation, and R is a set of multiset rewriting rules of type u
k→ v,

where u ∈ O+, v ∈ O∗, and k ∈ R is the rate constant of the rule.
For example, in case of a cooperative rule of type ri : aA+bB → cC +dD, where a,b,c,d ∈ IN, A,B,C,D ∈ O,

and a given multiset of objects M ∈ O∗, the probability of rule execution is defined as Prob(ri) =
kiM

a
AMb

B
R

, where ki

is the rate constant (determined experimentally), MA and MB are the multiplicities of objects A and B in M, and R

is a coefficient for normalizing the probabilities (i.e.,
∑

i

Prob(ri) = ). In a straightforward way probabilities can

be defined for any type of rules.
The system Π starts to evolve from the initial configuration (represented by w) by applying the rules in parallel,

randomly selecting the rules but according to the probabilities computed as above. Π is governed by a universal
clock that marks equal time units.

A simple example, meaningful for our work, is presented bellow. We ran various tests using an ARM system
Π where O = {A,B,C,D,X ,F}, and the set of rules R is given below:

The initial configuration of Π was w = ABCD and in our tests we used several values for ki, ≤ i ≤ .
The system attempts to simulate the behavior of some interacting individuals, represented here as the objects A,
B, C, and D, sharing the same environment. In addition, the individuals corresponding to the objects C and D

(which are much less than the individuals corresponding to the objects A and B) share a localized patch in the
environment. Thus, we assumed the environment not to be homogeneous and we aimed to test the ARM system
ability to simulate such conditions.
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If at least once the objects C and D interact (i.e., the rule CD
k→ F is applied) they will produce an object F

which will trigger the conversion of all existing objects in the multiset into F (the rules r, r, and r). The rest of
the rules (r till r) are used to slow down the rewriting rate of objects A, B, C, D, and X .

r : AB
k→ X r : F

k→ F

r : AC
k→ X r : A

k→ A

r : BD
k→ X r : B

k→ B

r : CD
k→ F r : C

k→ C

r : FX
k→ FF r : D

k→ D

r : FA
k→ FF r : X

k→ X

r : FB
k→ FF

Since we have assumed the existence in the environment of a patch of individuals corresponding to objects C

and D, then we could make another further assumption. If the patch is "large enough” so that there exists at least
two individuals C and D which can interact with each other but which cannot interact initially with the individuals

A and B, then there exists a "significant” probability that the rule CD
k→ F is executed (assuming that k > k and

k > k). While using multisets to represent the individuals in the environment we lose the structure, hence when
simulating such systems we actually have to relay on the probabilities of the executions of the rules (which in their
turn depend on some constants experimentally determined). In Figure 1, one can notice the different behaviors
of the same system and they are related to the usage of such probabilities. The diagrams shown on the left hand

side present a simulation when the rule CD
k→ F was executed at least once, while the charts on the right hand

side present a simulation when the rule CD
k→ F was not executed at all. Although the model considered is very

simple a similar situation might happen when representing some complex systems. Even more, such situations
might emerge during the system evolution and sudden shifts in the behavior might arise from some minor changes
in the circumstances (as it is in the presented charts); if this is the case, then it would make almost impossible the
precise identification of the rate constants associated to the rules.

Figure 1: Two runs of system Π . The results are presented on columns and they show the different
behaviors of the same system when some minor changes in the circumstances happen.

Besides all of these issues, if the number of objects in the model decreases under a certain limit, the usage of
probabilities to specify the way the rules are applied becomes inadequate.
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3 PGR Systems

Aiming to tackle the mentioned issues, in this section we introduce a new model for simulating bio-systems
that are composed by interacting individuals of various species in a given environment.

Denote by C the finite set of species in an environment represented here as a metric space (for simplicity, let
Rk,k ≥ , be the environment). Let V ⊆ L×C be the finite set of labeled individuals in the environment (L denotes
a finite set of labels that uniquely identify the individuals in the environment). In addition, let f : V → Rk, k ≥ ,
be a bijective mapping; for a node v = (n, l) ∈ V , the value h(v) denotes the position of the individual v in the
environment. In addition let r ∈ R, r > , be a positive constant.

Based on the above definitions one can represent the environment and the individuals from within as a graph
G = (V,E) where V = V and the set of edges is constructed as follows: for two nodes v,v ∈ V , if h(v)

belongs to the open ball centered in h(v) and with radius r (i.e., h(v) ∈ B(h(v),r)), then there exists an edge
from v to v.

For simplicity we assume that G is connected, that is, for any two nodes m,n ∈ V there exists a sequence
m = v,v, . . . ,vt = n ∈ V such that h(vi) ∈ B(h(vi−),r), for  ≤ i ≤ t. For example, in Figure 2 it is presented a
set of 4 individuals which initially lay on an environment represented as R and the way the corresponding labeled
graph is constructed.

Figure 2: The construction of the labeled graph representing the initial computational support

Motivated by these facts we introduce the following model. A parallel graph rewriting system (in short, a PGR
system) is a construct Γ = (C,G,R) where:

• C = {c, . . . ,ck} is a finite set of symbols;

• G = (V,E) is the initial global graph – a connected graph such that V ⊆ L×C is a set of labeled nodes
and E ⊆V ×V is a set of edges between nodes from V;

• R is a finite set of graph rewriting rules.

A graph rewriting rule r ∈ R is of the following type:

r = (G = (V,E),G = (V,E)),

where Vi ⊆ Li ×C, Ei ⊆ Vi ×Vi, i ∈ {,}. The graphs G and G are connected graphs; G represents the neigh-
boring relations between the individuals that are required for an interaction to take place and G represents the
output of an actual interaction between the individuals represented in G. In addition we will assume that G and
G are not arbitrary graphs, but rather they obey some physical constraints: any node from G and G cannot
be the subject of more than a constant tr ∈ IN edges – a condition that assumes the nonexistence of more than tr
individuals in an open ball of radius r.

A graph rewriting rule r = (G,G) ∈ R can be applied on a graph G if G is label isomorphic with one
subgraph Gs = (Vs,Es) of G, that is, there exists a bijective mapping h : V → Vs such that h((m,c)) = (n,c) and
h−((n,c)) = (m,c), where (m,c) ∈V, (n,c) ∈Vs and such that any two nodes u,v ∈Vs are adjacent in Gs if and
only if h(u) and h(v) are adjacent in G (see Figure 3).

In other words, a graph rewriting rule r can be applied on G iff the left-hand side rule’s graph is "contained"
in G both as layout and as corresponding node labels (via an edge/label-preserving bijection).
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Figure 3: A graph G = (V,E) denoting the computing support and a graph rewriting rule r = (G,G).
The sites where the rule r can be applied in G are explicitly figured. If Gs = (Vs = {(n,B),(n,A)},Es =

{((n,B),(n,A))}) then G is label isomorphic with Gs. The neighborhood set of degree k =  of Gs is
B = {(n,A),(n,C),(n,C),(n,B)}.

The following steps are accomplished when a rule r is applied over G:

• eliminate Gs from G (all the nodes from Vs are eliminated from V ; all the edges of the type (v,vs), v ∈ V ,
vs ∈Vs are deleted from E);

• add G to G (some relabeling of the nodes from G is required in order to avoid duplicates of nodes at
multiple application of r). All the (relabeled) nodes and edges of G are added to G;

• add a set of edges from some nodes of V to some nodes of V \ (Vs ∪V). The edges are established as
described below.

For the graph Gs let us define the neighborhood set of degree k

Bk = {v ∈V \Vs | there exists a path of length

less or equal with k from v to a node u ∈Vs}

As we mentioned above, the output of the application of a rule consists of new individuals that, by hypothesis, at
the moment of their apparition it is assumed to belong to the same vicinity. How big is that vicinity and how the
new individuals are related to the rest depend on many factors among which we just mention the type of the rule
and the environment. Consequently, in our framework, the set Bk is useful when defining the new neighborhood
relations triggered by the application of a rule. By some straightforward physical arguments, the output graph G

of the rule r is likely to be "connected" to G via the nodes from Bk. However, for simplicity, we will consider the
neighborhood set of degree  in our simulations 1.

Let E = {(n,n) ∈ E | n ∈ B,n ∈ Vs}. Then, a number equals with card(E) of random edges from the
nodes of G to the nodes from B are added to G but such that any node considered is not the subject of more than
tr ∈ IN+ edges.

Starting from the initial configuration (the initial global graph G), the system evolves according to the rules
from R and the current labeled graph in a non-deterministic parallel manner (but not necessarily maximal). The
labeled graph of Γ at any given moment constitutes the configuration of the system at that moment. For two
configurations GA and GB we can define a transition from GA to GB if we can pass from GA to GB by applying
rules from R.

The problem of determining whether two graphs are isomorphic is referred to as the graph isomorphism

problem. Although this problem belong to NP it is neither known to be solvable in polynomial time nor it is NP-
complete. A generalization of this problem (that is used in our formalism) is the subgraph isomorphism problem
which is NP-complete; hence the known deterministic algorithms for this problem are exponential.

1If the studied individuals are particles that perform the Brownian motion, then at each application of a rule a random
positive integer k can be generated and correspondingly a new neighborhood set can be defined; hence, the set Bk might be also
useful to describe the random particle movement in the environment.
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Remark 3.1. There is a physical motivation to assume that after applying a rule of the system, the newly produced
objects (that correspond to the output nodes of the rule) belong to the same vicinity, hence the right hand side graph
of any rule should be complete.

Remark 3.2. For a given PGR system, as much as the radius r grows (hence the number of edges in the initial
global graph is close to n(n−)

 where n is the number of the nodes, that is, the initial global graph is "almost”
complete) and the degrees of the neighboring sets grow as well, the result of a simulation is as “similar" to the
one obtained using parallel multiset rewriting. This is because multisets can be seen in our formalism as complete
graphs, hence any individual in the system is in a neighboring relation with any other individual (hence, they can
interact if proper rules exist).

4 PGRS Simulator and a Test Case

The simulator implements the model introduced in Section 3. Its main characteristics regard the definition of
the rules set by using an XML file, and the possibility to save/load intermediate configurations. The simulator is
written in Java language hence it benefits of cross-platform compatibility, parallelism, and possibility to distribute
the computational effort.

The task that has the most computational resource consumption is the subgraph isomorphism problem which
is addressed whenever a rule r = (G,G) is selected for application and the set S of all the subgraphs of the global
graph that are isomorphic with G has to be determined. Even more, whenever a subgraph G ∈ S is selected to be
rewritten by r, a run through all the elements of S has to be performed in order to eliminate those subgraphs that
have some nodes from G (a task useful when multiple applications of the same rule are performed). Considering
all these matters for all the rules from the rule set and a relatively small global graph, the overall time complexity
for simulating just one computational step is exponential, hence in general unfeasible. Nevertheless, if the left
hand side graphs of the rules from the rule set are very simple (i.e., less than 4 nodes) and the global graph contains
at most hundreds of nodes, the simulation is viable. Moreover, taking into account that the problem can be easily
parallelized one can divide the problem into smaller instances and distribute them over a network.

Let us consider the following PGR system Γ = (C,G,R) where
• C = {A,B,C,D,F,X},
• R = {r,r,r,r,r,r,r,r} is defined as follows:

r :

(n,A) (n,B) (n,X)

y yy
r :

(n,A) (n,C) (n,X)

y yy
r :

(n,B) (n,D) (n,X)

y yy
r :

(n,C) (n,D) (n,F)

y yy
r :

(n,F) (n,X) (n,F) (n,F)

y yy y
r :

(n,F) (n,A) (n,F) (n,F)

y yy y
r :

(n,F) (n,B) (n,F) (n,F)

y yy y
r :

(n,F) (n,F)

yy

-

-

-

-

-

-

-

-

In our tests, the initial global graph G was build to obey some properties. First of all, a random graph G ′
 was

generated and this graph contains 500 nodes labeled only with A and B (for each test case, the apparition of these
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Figure 4: The results of 100 simulations of different GPR systems but having the same properties. The
minimal and maximal obtained values are explicitly marked.

labels are equally probable) and 2000 edges. A second graph G ′′
 was generated and this graph contains 10 nodes

labeled only with C and D (also in this case, the apparition of these labels are equally probable) and 30 edges.
Finally, G ′

 and G ′′
 were merged together in order to form G by connecting 10 randomly chosen nodes from G ′



with 10 randomly chosen nodes from G ′′
 .

We ran the simulator for 100 times, considering for each run a new initial global graph generated as above. In
Figure 4 there are represented the minimal and the maximal values at each step of the simulation for the objects A,
B, C, and D. Any particular simulation graphic from our test case lay between the boundaries established.

5 Conclusions

Simulations performed using PGR systems in some cases give more accurate answers than ARMS simula-
tions because they explicitly use the spatial distribution of individuals (hence the neighborhood relations can be
extensively expressed). However the price to pay while using PGR systems regards the computational effort which
in their case is exponential as time complexity. Nevertheless, for some cases when the number of interacting in-
dividuals in the environment is small and they are not dense, the PGR systems might be useful for performing
simulations.

In order to handle these issues, a hybrid system combining features from the ARM and PGR systems might be
proposed. Two directions could be taking into account:

• one can use alternatively an ARMS-type simulation whenever the number of individuals from all the species
is large and a PGRS-type simulation whenever the number of individuals from certain species goes below some
threshold; in this case the newly obtained system uses in a more careful manner the probabilities for the rules
executions.

• one can use in parallel an ARMS-type simulation over a multiset of many individuals and a PGRS-type
simulation on relatively small instances of graphs. Then one can consider a time sequence and at each moment in
the sequence one can merge the ARMS configuration with the multiset of labels of the nodes from the graph (or
one can exchange some data between these simulations). In this way, the newly obtained hybrid systems become
more robust against some unexpected changes in the behavior (which might be triggered by some minor changes).
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290 Dragoş Sburlan

[3] B. Bollobas, Modern Graph Theory, Springer, 1991.

[4] M. Cavaliere, I.I. Ardelean, Modeling Biological Processes by Using a Probabilistic P Sys-
tem Software, Natural Computing, 2, 2 (2003), pp. 173–197.

[5] H. Ehrig, Introduction to the Algebraic Theory of Graph Grammars, Lecture Notes in Com-

puter Science 73 (1979), pp. 1–69.

[6] P. Frisco, The Conformon-P System: A Molecular and Cell Biology-Inspired Computability
Model, Theoretical Computer Science, 312, 2-3 (2004), pp. 295–319.

[7] P. Frisco, R.T. Gibson, A Simulator and an Evolution Program for Conformon-P Systems,
Proc. of the th Int. Symp. on Symbolic and Numeric Algorithms for Scientific Computing,
2005, pp. 427–430.

[8] D.T. Gillespie, Exact Simulation of Coupled Chemical Reactions, J. Physical Chemistry,
81 (1977), pp. 2340–2361.

[9] V. Manca, L. Bianco, Biological Networks in Metabolic P Systems. Biosystems, 91, 3
(2008), pp. 489–498.
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Abstract: It is well known that any irreducible and aperiodic Markov chain has
exactly one stationary distribution, and for any arbitrary initial distribution, the se-
quence of distributions at time n converges to the stationary distribution, that is, the
Markov chain is approaching equilibrium as n → ∞.
In this paper, a characterization of the aperiodicity in existential terms of some state is
given. At the same time, a P system with external output is associated with any irre-
ducible Markov chain. The designed system provides the aperiodicity of that Markov
chain and spends a polynomial amount of resources with respect to the size of the in-
put. A comparative analysis with respect to another known solution is described.
Keywords: Markov chain, P Sytems, Membrane Computing

1 Introduction

A discrete-time Markov chain is a stochastic process such that the past time is irrelevant to predict the
future, given knowledge of the present time. That is, given the present time, the future does not depend
on the past time: the result of each event depends only on the result of the previous event.

In order to study the evolution in time of a Markov chain as well as the existence of the stationary
distribution, it is suitable to classify its states. This classification depends on the path structure of the
chain.

One of the central issues in Markov Theory is the study of the asymptotic behavior of Markov chains.
It is well known that for any irreducible and aperiodic Markov chain: (a) there exists at least one station-
ary distribution (that is, a probability distribution on the state space which is an invariant for the transition
matrix associated with the chain), and (b) for any initial distribution, µ() and for any stationary distri-
bution π for the Markov chain, the sequence (µ(n))n∈NNN converges to π in total variation as n → ∞ (that
is, the Markov chain is approaching equilibrium as n → ∞).

Copyright c© 2006-2009 by CCC Publications
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In paper [2], a classification of states of a finite and homogeneous Markov chain is provided by
using P systems. Moreover, the period was calculated for recurrent classes. The design of the P systems
was inspired in properties used in classic algorithms that deal with the problem of the classification.
Especially, this solution allows us to decide whether an irreducible Markov chain is aperiodic or not.

The main goal of this paper is to design a P system associated with an irreducible Markov chain
which provides an answer to the aperiodicity of the chain. If the answer is negative, then the system
provides the period of the chain. The solution presented is based on a characterization of the aperiodicity
in existential terms of some state and a natural number, and it is semi–uniform, in the sense that for each
Markov chain, a P system associated with it is constructed. Besides, the solution spends a polynomial
amount of resources in the sense of the computational complexity theory in Membrane Computing.

The solution presented in the paper improves the solution obtained in [2], because less computational
resources are used.

The paper is organized as follows. In the following section, we recall some basic notions and results
that we use in the paper. In Section 3, a P system associated with an irreducible Markov chain is con-
structed in order to study the periodicity of that class. In Section 4, the solution presented is compared
with another solution given in [2]. Finally some conclusions are presented.

2 Preliminaries

A discrete Markov chain is a sequence {Xt | t ∈N} of random variables whose values are called states,
that verifies the following property:

P(Xt+ = j/X = i,X = i, . . . ,Xt = it) = P(Xt+ = j/Xt = it).

Without loss of generality, we can suppose that the state space is the set of nonnegative integers.
The value of variable Xt is interpreted as the state of the process at instant t. In this paper we work

with Markov chains having a finite state space S = {s, . . . ,sk}.
A discrete Markov chain is characterized by the transition probability

pi j(t) = P(Xt = s j/Xt− = si), ∀t ≥ ,

where pi j(t) provides the transition from state si to state s j at time t −.
The matrix of transition probabilities

P(t) = (pi j(t))≤i, j≤k ,

is a stochastic matrix, that is, is nonnegative for all t and the sum of each row is equal to 1,
∑k

j= pi j(t) =

.
We say that the chain is time homogeneous or stationary if pi j(t) = pi j for each t and it verifies the

Kolmogorov-Chapman equation:

p()
i j = pi j, p()

i j =

k∑

l=

pil pl j, . . . , p(n)
i j =

k∑

l=

pil p(n−)
l j ,

where p(n)
i j is the transition probability of state si to state s j at time n.

We denote the initial distribution by means of the vector

µ() = (µ()
 , . . . ,µ

()
k ) = (P(X = s),P(X = s), . . . ,P(X = sk)),

and the distribution of the Markov chain at time n is

µ(n) = (µ(n)
 , . . . ,µ

(n)
k ) = (P(Xn = s),P(Xn = s), . . . ,P(Xn = sk)).



P Systems Computing the Period of Irreducible Markov Chains 293

Then, µ(n) = µ() ·P(n), where P = (pi j) is the transition matrix of the homogeneous Markov chain.
Next, we introduce some concepts and results related to the states of a homogeneous Markov chain.
We say that a state s j communicates with another state si (and we denote it by si → s j), if there exists

a natural number n >  such that p(n)
i j >  (that is, if the chain has a positive probability of ever reaching

s j when we start from si. We say that the states si and s j intercommunicate (and we denote it by si ↔ s j)
if si → s j and s j → si.

In the finite state space S = {s, . . . ,sk} of a Markov chain, the relation ↔ is an equivalence relation
and we can consider the corresponding quotient set {s, . . . ,sk}/ ↔ whose elements are the classes of
equivalence by ↔.

A Markov chain with state space S = {s, . . . ,sk} is said to be irreducible if there exists only equiva-
lence class with respect to ↔; that is, if for all si,s j ∈ E we have si ↔ s j. Otherwise, the chain is said to
be reducible.

We say that a state si is recurrent or essential if for each natural number m and for each state s j

verifying p(m)
i j >  there exists a natural number n such that p(n)

ji > . Otherwise, the state is said to be
transient. A recurrent class is the equivalence class determined by a recurrent state.

It is easy to prove that from a recurrent state, only recurrent states belonging to the same class are
reachable.

A recurrence time of si is a natural number n >  such that p(n)
ii > . The period of a state si is

defined as d(i) = g.c.d. {n ≥  | p(n)
ii > }, that is, it is the greatest common divisor of the recurrence

times associated with it. All states belonging to the same class have the same period.
Then, we can define the period of a class of a given Markov chain in a natural manner: it is the period

of any state of the class (see [3] and [4] for more details).

Definition 1. A Markov chain is said to be aperiodic if all its states are aperiodic; that is, their periods
are equal to 1. Otherwise, the chain is said to be periodic.

Next, we provide a method to compute the period of a recurrent class and a characterization of the
periodicity of a class.

Theorem 2. Let A = {s, . . . ,sr} be a recurrent class. The period of A is

d = g.c.d. {n | p(n)
ii > ;  ≤ i,n ≤ r}.

Proof. As all states have the same period d, we have

d = d() = d() = . . . = d(r) = g.c.d. {n ≥  | p(n)
ii > ;  ≤ i ≤ r}.

Let d ′ = g.c.d.{n| p(n)
ii > ; ≤ i,n ≤ r}. Let us see that d = d ′. For that, let n > r be a time of recurrence

associated with a state si ∈ A, that is, p(n)
ii > . There exists a state si such that p(n)

ii ≥ p(n ′)
ii

· p(n)
ii

· p(n ′′)
ii >

, where n = n ′ + n + n ′′. Thus, n and n ′ + n ′′ are also times of recurrence. If n > r or n ′ + n ′′ > r,
then we repeat the process until we obtain a decomposition

p(n)
ii ≥ p(n ′)

ii
· p(n)

ii
· p(n)

ii
. . . p(nt)

it it
· p(n ′′)

it i
> ,

with  ≤ i, . . . , it ≤ r, n = n ′ +n + . . .+nt +n ′′ verifying n ′ +n ′′ ≤ r and n, . . . ,nt ≤ r.
Finally, let us notice that substituting p(n)

ii , with n > r, by a suitable sequence of p(m)
ii , with m ≤ r, the

g.c.d. is the same.

Lemma 3. Let A = {a, · · · ,ar} be a set of natural numbers. Let us suppose g.c.d. {a, · · · ,ar} = . Let
us denote by A+ the set of all positive linear combinations

λa + · · ·+λrar, with λi ∈ Z+, ≤ i ≤ r.

Then, there exists a natural number N such that n ∈ A+ for all n ≥ N.
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Proof. See, e.g., the appendix of [1]

Next, we characterize the aperiodicity of a recurrent class of a finite Markov chain through the exis-
tence of a state s j reachable from each state si.

Theorem 4. Let {Xt | t ∈ N} be a Markov chain with state space S = {s, . . . ,sk} and transition matrix
P = (pi j).

(1) If {Xt | t ∈ N} is aperiodic, then there exists a natural number N such that p(n)
ii > , for all i

( ≤ i ≤ k) and all n ≥ N.

(2) If {Xt | t ∈ N} is irreducible and aperiodic, then there exists a natural number M such that p(n)
i j > ,

for all i, j ( ≤ i, j ≤ k) and all n ≥ M.

Proof. See, e.g., Chapter 4 from [3]

Theorem 5. Let A = {s, . . . ,sr} be a recurrent class of a finite Markov chain. The following are equiv-
alent:

(1) Class A is aperiodic.

(2) There exists a state s j ∈ A and a natural number m ∈ N such that p(m)
i j >  for all state si ∈ A.

Proof. Let us suppose that class A is aperiodic. Then all states in A have the same period d = . From
Theorem 4 there exists a natural number N such that p(n)

ii > , for all i ( ≤ i ≤ r) and all n ≥ N. Given

j ( ≤ j ≤ r), we define ni( j) = min{n | p(n)
i j > }, for each si ∈ A, n( j) = max{n( j), . . . ,nr( j)}, and

m = N + n( j). Let us see that p(m)
i j > , for each i ( ≤ i ≤ r). We have p(m)

i j ≥ p(ni( j))
i j p(m−ni( j))

j j > 

because of p(ni( j))
i j >  by definition of ni( j), and p(m−ni( j))

j j >  by Theorem 4.
Conversely, let us suppose that there exists m ≥  and a state s j ∈ A such that ∀ si ∈ A we have

p(m)
i j > . In particular, p(m)

j j >  so m is a recurrence time. On the one hand, if d is the period of
the class, then m is a multiple of d. On the other hand, if si ∈ A is a state such that p ji > , then

 < p(m)
i j p ji ≤ p(m+)

ii , so m + is a multiple of d. Hence, d = .

3 A P System Associated with an Irreducible Markov Chain

The goal of this paper is to study the aperiodicity of an irreducible Markov chain with state space
S = {s, . . . ,sk}, k ≥ , by using P systems. In the affirmative case, the answer of the system is Y ES, on
the contrary, the system sends an object encoding the period of the class to the environment.

3.1 The Design of the P System

Let Pk = (pi j)≤i, j≤k be a Boolean matrix associated with a class with a finite and homogeneous
Markov chain of order k such that pi j =  if the transition from si to s j is possible, and pi j =  otherwise;
that is, Pk is the adjacency matrix of the directed graph associated with the recurrent class.

The solution presented in this paper is a semi–uniform one in the following sense: we give a family
ΠΠΠ = {Π(Pk) | k ∈ NNN}, associating with Pk a P system with external output, such that (a) there exists a
deterministic Turing machine working in polynomial time which constructs the system Π(Pk) from Pk;
and (b) the output of the P system Π(Pk) provides the classification of the recurrent class of the Markov
chain as well as the period of the states.

We associate with the matrix Pk the P system of degree 4 with external output,
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Π(Pk) = (Γ (Pk),µ(Pk),M,M,M,M,R)

defined as follows:

• Working alphabet:

Γ (Pk) = {si j, ti j, τi j |  ≤ i, j ≤ k} ∪ {si jr |  ≤ i, j,r ≤ k} ∪ {Tr |  ≤ r ≤ k} ∪
{βl |  ≤ l ≤ k −}∪ {bi, pi |  ≤ i ≤ k} ∪ {ci, di |  ≤ i ≤ α}∪ {yes,Y ES,σ }

where α = k + ⌈ k
⌉.

• Membrane structure: µ(Pk) = [ [ [ [ ] ] ]].

• Initial multisets:

M = {t
pi j

i j |  ≤ i, j ≤ k}∪ {β}; M = {sii |  ≤ i ≤ k}

M = {bi |  ≤ i ≤ k}∪ {d}; M = /0

• The set R of evolution rules consists of the following rules:

r = [ti j → τi jtk
i j],  ≤ i, j ≤ k

r = [βi → βi+],  ≤ i ≤ k −

r = [βk−] → ck


r = [crsi jτ
p j

j . . .τ
p jk

jk ] → [s
p j

i . . .s
p jk

ik c
γ j
r+]s

p j

ir+ . . .s
p jk

ikr+T
p ji

r+,

 ≤ i, j ≤ k,  ≤ r ≤ α −,γ j =
∑k

l= p jl

r = [σ ] → σ

r = [s jr . . .sk jr] → [σ ] yes,  ≤ j ≤ k,  ≤ r ≤ α

r = [Trbr → pr],  ≤ r ≤ k

r = [pi pi+l → pi pl],  ≤ i ≤ k,  ≤ l ≤ k − i

r = [p
i → pi],  ≤ i ≤ k

r = [di → di+],  ≤ i ≤ α −

r = [dα pr] → pr[ ],  ≤ r ≤ k

r = [dα p] → yes[ ]

r = [yes] → Y ES[ ]

r = [pr] → pr[ ],  ≤ r ≤ k

3.2 An Overview of Computations

Initially, membrane 1 contains objects ti j that codify the elements pi j of the Boolean matrix associ-
ated with the transition matrix of the Markov chain, together with the counter β. This counter allows
us to dissolve membrane 1 at a certain instant. Membrane 2 contains initially objects sii that codify the
states si of the chain. Membrane 3 contains objects bi that will be used in order to avoid that repeated
recurrence times smaller than or equal to k appear. The counter d in membrane 2 will be used to trigger
the answer at the suitable instant.

The design of the P system Π(Pk) implements a process that is structured by stages. The first one
consists of k steps which allow the production of sufficiently many new copies τi j of objects ti j. This is
done by applying rules of type r and r in membrane 1 at k − first steps and applying at step k rule r

that dissolves membrane 1.
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At the second stage, all paths between states with length at most k, as well as recurrence times smaller
than or equal to k, are generated. This stage starts at step k + and it spends at most k steps. First, rules
of type r are applied producing objects si jr in membrane 3 that codify the existence of a path with length
r from state si to state s j, as well as the objects Tr codifying the existence of a recurrence time equal to

r. Simultaneously, it is checked if there exists a state s j and a natural number m such that p(m)
i j > , for

all states si. In that case, an object σ is produced in membrane 2 and the system expels an object Y ES to
the environment.

The third stage is only applied if an object Y ES has not been expelled to the environment. At this
stage, the period of the class is computed and it takes k + ⌈ k

⌉ steps. By applying rules of type r,
objects pr encoding recurrence times smaller than or equal to k, are obtained. Such recurrence times
are different from each other. By applying rules of types r and r, the greatest common divisor of
these times is computed. If the period of the class is equal to , then the system sends an object Y ES
to the environment, otherwise, the system expels an object pn that encodes the period of the class to the
environment.

4 Results and Discussions

In [2] a P system was constructed which allows us to classify the states of a Markov chain. Thus, that
P system can be adapted to characterize the aperiodicity of such a chain. Specifically, if Pk = (pi j)≤i, j≤k

is the Boolean matrix associated with the states of a recurrent class of a finite and homogeneous Markov
chain of order k, then we define the system

Π ′(Pk) = (Γ ′(Pk),µ ′(Pk),M
′
,M

′
,M

′
,M

′
,R

′,ρ ′),

as follows:

• Working alphabet:

Γ ′(Pk) = {A, Ri, ti j |  ≤ i, j ≤ k} ∪ {cr |  ≤ r ≤ k +} ∪
{ti jur |  ≤ i, j,u ≤ k,  ≤ r ≤ k} ∪ {βi |  ≤ i ≤ γ +} ∪
{si jr |  ≤ i, j ≤ k,  ≤ r ≤ k} ∪ {di |  ≤ i ≤ (k −)}

where γ = k ++ ⌈lgk⌉+
(k−)(k+)

 .

• Membrane structure: µ ′(Pk) = [ [ [ [ ] ] ] ].

• Initial multisets:

M ′
 = /0; M ′

 = {β}; M ′
 = {c}; M ′

 = {sii t
pi j(k−)

i j |  ≤ i, j ≤ k}.

• The set R of evolution rules consists of the following rules:

– Rules in the skin membrane labeled by 1:

r = {dp → (Rp,out) |  < p ≤ k}

r = {d → (A,out)}

– Rules in the membrane labeled by 2:

r = {βi → βi+ |  ≤ i ≤ γ} ∪ {βγ+ → λ }.

r = {d
j → d j |  ≤ j ≤ k}

r = {d jd j+l → d jdl |  ≤ j ≤ k,  ≤ j + l ≤ k}
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– Rules in the membrane labeled by 3:

r = {ti jur → (ti jsu j(r+), in) | pi j = ,u 6= j, ≤ i, j,u ≤ k, ≤ r < (k −)}

r = {ti ju(k−) → (ti j, in) | pi j = ,u 6= j, ≤ i, j,u ≤ k}

r = {ti j jr → (ti j, in) dr+ | pi j = , ≤ i, j ≤ k, ≤ r < (k −)}

r = {ti j j(k−) → (ti j, in) | pi j = , ≤ i, j ≤ k}

r = {cr → cr+ |  ≤ r ≤ (k −)+} ∪ {c(k−)+ → λ }

– Rules in the membrane labeled by 4:

r = {suirt
pi
i . . . t pik

ik → (t pi
iur . . . t pik

ikur,out) |  ≤ u, i ≤ k,  ≤ r ≤ (k −)}.

• There is only a priority relation in the membrane labeled by 2: {r > r}.

In order to study the efficiency of the P system Π(Pk) constructed in this work, we will compare the
results with those obtained by the P system Π ′(Pk) described above. For that purpose, a comparative
analysis of the computational resources required in both P systems is given first. Secondly, an analysis
of the times of execution obtained on designed simulators for both P systems with some case studies is
presented.

4.1 Computational Resources Required

The resources required initially to construct the systems Π(Pk) and Π ′(Pk), and the number of steps
taken by the systems, are the following:

Π(Pk) Π ′(Pk)

Size of the alphabet Θ(k) Θ(k)

Initial number of membranes 4 4
Sum of the sizes of initial multisets Θ(k) Θ(k)

Number of rules Θ(k) Θ(k)

Maximal length of a rule Θ(k) Θ(k)
Number of priority relations 0 Θ(k)

Number of steps Θ(k) Θ(k)

In the previous table, let us notice that the amount of resources requested by Π(Pk) is smaller than
the ones requested by Π ′(Pk). Indeed, the size of the alphabet and the number of rules pass from power 3
to power 4, and the system Π(Pk) has no priority relation. The number of steps is of the same asymptotic
order.

4.2 Case Studies

We have realized a simulator for each system Π(Pk) and Π ′(Pk). These simulators have been written
in C++ language and they have been executed on a Pentium 4 computer with 512 Mb RAM and 3.20
GHz.

In both simulators objects ti j have been represented by means of arrays of dimension 2; objects si j

have been represented by vectors of dimension 2 and recurrent times have been represented by one-
dimensional vectors.

The simulator of the system Π(Pk) generates the trajectories with a length at most k + ⌈k/⌉ in a
sequential way, keeping the times of recurrence smaller than or equal to k. If assertion () in Theorem
5 is fulfilled, the simulator halts displaying the time of execution and the aperiodicity of the Markov
chain. Otherwise the simulator computes the g.c.d. of the recurrence times obtained where all of them
are different.



298 Mónica Cardona-Roca, M. Ángels Colomer-Cugat, Agustín Riscos-Núñez, Miquel Rius-Font

Similarly, a simulator for the system Π ′(Pk) has been implemented. The main difference with respect
to the previously mentioned one is that it can keep more than a copy of the times of recurrence. All
trajectories of the Markov chain with a length smaller than or equal to (k −) and their recurrence time
are computed. Then the g.c.d. of these times is obtained.

When the Markov chain is aperiodic, the P system Π(Pk) can finish before all trajectories with a
length k + ⌈k/⌉ are computed. In case it is necessary to calculate the period, bearing in mind that all
recurrence times are different, system Π(Pk) is faster than Π ′(Pk) in computing the g.c.d. of these times.

When the Markov chain is periodic the length of the trajectories computed by Π(Pk) are longer than
those computed by Π ′(Pk). Nonetheless, in order to compute the period, recurrence times used in Π(Pk)

are all different.
The simulators designed have been executed on eight recurrent Markov chains with 100 states. Four

of these Markov chains are periodic and the others are aperiodic. Table 1 shows the values equal to 1 of
the adjacency matrix of the graph associated with the recurrent Markov chains. The execution times are
described in Table 2.

Example
1 pi,i+ =   ≤ i ≤ 

p, = 

2 pi,i+ =   ≤ i ≤ 
pi, =   ≤ i ≤ 

3 p j+i, j+i+ =   ≤ i ≤   ≤ j ≤ 
p j, j− =   ≤ j ≤ 
p j+, j+ =   ≤ j ≤ 
p, = 

4 p j+i, j+i+ =   ≤ i ≤   ≤ j ≤ 
p j, j− =   ≤ j ≤ 
p j+, j+ =   ≤ j ≤ 
p, = 
p, = 

5 p j+i, j+i+ =   ≤ i ≤   ≤ j ≤ 
p j, j− =   ≤ j ≤ 
p j+, j+ =   ≤ j ≤ 
p, = 
p, = 

6 p j+i, j+i+ =   ≤ i ≤   ≤ j ≤ 
p j, j− =   ≤ j ≤ 
p j+, j+ =   ≤ j ≤ 
p, = 

7 pi,i+ =   ≤ i ≤ 
pi+,i =   ≤ i ≤ 
p+i,+i =   ≤ i ≤ 

8 pi,i+ =   ≤ i ≤ 
pi+,i =   ≤ i ≤ 
p+i,+i =   ≤ i ≤ 
p, = 

Table 1. Adjacency values of the examples

5 Conclusions

Markov chains have applications in different fields such as physics, economics, biology, statistics, so-
cial sciences, etc. In these applications it is important to know whether the Markov chain associated with
the process is convergent or not. When the Markov chain is aperiodic, the transition matrix converges
and the process becomes stable. In other cases, the process does not reach an equilibrium.

In this work, a characterization of the aperiodicity of a Markov chain has been given in terms of the
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Example period Π ′(Pk) Π(Pk)

1 100 0 0
2 1 146 0
3 10 0 0
4 1 122 35
5 1 1 2
6 5 11 20
7 2 381 169
8 1 1101 104

Table 2. Observed run times

existence of a state reachable from any other state. Based on this property, a computational P system has
been constructed that allows us to know whether the Markov chain is aperiodic and calculate its period
if not.

In [2], every finite and homogeneous Markov chain has associated a P system that provides a clas-
sification of its recurrent classes. That P system can be adapted to study the aperiodicity of a Markov
chain and then its period can be calculated. The solution presented in this work improves the solution
derived from the P system described in [2]. For that purpose, simulators have been constructed for these
P systems and the respective times of execution on eight examples have been analyzed.

For the computational study of the aperiodicity of a Markov chain it would be interesting to design
new P systems that incorporate additional features such as electrical charges, active membranes, etc. and
that improve quantitatively the amount of computational resources used.
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1 Introduction

Until now, research on the complexity theoretic aspects of membrane computing has mainly focused
on the time resource. In particular, since the introduction of P systems with active membranes [5], var-
ious results concerning time complexity classes defined in terms of P systems with active membranes
were given, comparing different classes obtained using various ingredients (such as, e.g., polarizations,
dissolution, uniformity, etc.). Other works considered the comparisons between them and the usual
complexity classes defined in terms of Turing machines, either from the point of view of time complex-
ity [8, 3, 11], or space complexity classes [10, 1, 9].

Despite the vivid interest on this subject, up to now no investigations concerning space complexity
classes defined in terms of P systems have been carried out in formal terms. Of course, the evident rela-
tion between time and space in P systems with active membranes is informally acknowledged: all results
concerning solutions to NNNPPP-complete problems are solved using an exponential workspace obtained in
polynomial time. Nonetheless, there is no formal definition of space complexity classes for P systems
and, as a consequence, no formal results concerning the relations between space and time.

In this paper, we make the first steps in this direction, first by defining the space requirements for
a given P system on a specific computation, and then by formally defining space complexity classes
for P systems. We will then give a first set of results concerning relations among complexity classes
for P systems, some of them directly following from the definitions, and others which can be derived
by considering space requirements of various solutions proposed in the literature which make use of
P systems with active membranes.

In what follows we assume the reader is already familiar with the basic notions and the terminology
underlying P systems. For a systematic introduction, we refer the reader to [6]. A survey and an up-to-
date bibliography concerning P systems can be found at the web address http://ppage.psystems.eu.

The rest of the paper is organized as follows. In section 2 we give basic definitions for membrane
systems which will be used throughout the rest of the paper. In section 3 we give formal definitions of
space complexity classes in terms of P systems. In section 4 we present some results concerning such
complexity classes, which follow immediately from the definitions, while in section 5 we present some
results which can be obtained by considering known results for time complexity classes in the framework
of P systems with active membranes. Section 6 concludes the paper by presenting some conjectures and
open problems concerning space complexity.

Copyright c© 2006-2009 by CCC Publications
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2 Definitions

We begin by recalling the formal definition of P systems with active membranes and the usual process
by which they are used to solve decision problems. Moreover, we recall the main definitions related to
time complexity classes in this framework.

Definition 1. A P system with active membranes of degree m ≥  is a structure

Π = (Γ ,Λ ,µ,w, . . . ,wm,R)

where

• Γ is a finite alphabet of symbols or objects;

• Λ is a finite set of labels;

• µ is a membrane structure (i.e. a rooted, unordered tree) of m membranes, labeled with elements
of Λ ; different membranes may be given the same label;

• w, . . . ,wm are multisets over Γ describing the initial contents of the m membranes in µ;

• R is a finite set of developmental rules.

The polarization of a membrane can be + (positive), − (negative) or  (neutral); each membrane is
assumed to be initially neutral.

Developmental rules are of the following six kinds:

(a) Object evolution rule of the form [a → w]αh

It can be applied inside a membrane labeled by h, having polarization α and containing an oc-
currence 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 multiset w).

(b) Communication rule of the form a [ ]αh → [b]
β
h

It can be applied to a membrane labeled by h, having polarization α and such that the surround-
ing region contains an occurrence of the object a; the object a is sent into h becoming b and,
simultaneously, the polarization of h is changed to β .

(c) Communication rule of the form [a]αh → [ ]
β
h b

It can be applied to a membrane labeled by h, having polarization α and containing an occur-
rence of the object a; the object a is sent out from h to the surrounding region becoming b and,
simultaneously, the polarization of h is changed to β .

(d) Dissolution rule of the form [a]αh → b

It can be applied to a membrane labeled by h, having polarization α and containing an occurrence
of the object a; the membrane h is dissolved and its content is left in the surrounding region
unaltered, except that an occurrence of a becomes b.

(e) Elementary division rule of the form [a]αh → [b]
β
h [c]γh

It can be applied to an elementary membrane labeled by h, having polarization α and containing
an occurrence of the object a; the membrane is divided into two membranes having label h and
polarizations β and γ; the object a is replaced, respectively, by b and c while the other objects in
the initial multiset are copied to both membranes.
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(f) Non-elementary division rule of the form
[

[ ]+h
· · · [ ]+hk

[ ]−hk+
· · · [ ]−hn

]α

h →
[

[ ]δh
· · · [ ]δhk

]β

h

[

[ ]εhk+
· · · [ ]εhn

]γ

h

It can be applied to a non-elementary membrane labeled by h, having polarization α , containing the
positively charged membranes h, . . . ,hk and the negatively charged membranes hk+, . . . ,hn; no
other non-neutral membrane may be contained in h. The membrane h is divided into two copies
with polarization β and γ; the positive children are placed inside the former, their polarizations
changed to δ , while the negative ones are placed inside the latter, their polarizations changed to ε .
Any neutral membrane inside h is duplicated and placed inside both copies.

Note that here we have used the original definition of division rules introduced in [5]. Afterwards,
other papers have proposed several alternatives for non-elementary division rules; nonetheless, in this
paper these variants are not considered.

A configuration of a P system with active membranes Π is given by a membrane structure and
the multisets contained in its regions. In particular, the initial configuration is given by the membrane
structure µ and the initial contents of its membranes w, . . . ,wm. A computation step leads from a con-
figuration to the next one according to the following principles:

• The developmental rules are applied in a maximally parallel way: when one or more rules can be
applied to an object and/or membrane, then one of them must be applied. Notice that an object or
membrane may remain inactive, even if it can trigger a rule, only when its use is inhibited by the
application of another rule.

• Each object can be subject to only one rule during each step. Also membranes can be subject to
only one rule, except that any number of object evolution rules can be applied inside them.

• When more than one rule can be applied to an object or membrane, then the one actually applied
is chosen nondeterministically. Thus multiple, distinct configurations may be reachable by means
of a computation step from a single configuration.

• When a dissolution or division rule is applied to a membrane, the multiset of objects to be released
outside or copied is the one after any application of object evolution rules inside such membrane.

• The skin membrane cannot be divided or dissolved, nor any object can be sent in from the en-
vironment surrounding it (i.e. an object which leaves the skin membrane cannot be brought in
again).

A sequence of configurations, each one reachable from the previous one by means of developmental
rules applied according to the above principles, is called a computation. Due to nondeterminism, there
may be multiple computations starting from the initial configuration, thus producing a computation tree.
A computation halts when no further configuration can be reached, i.e. when no rule can be applied in a
given configuration.

Families of recogniser P systems can be used to solve decision problems as follows.

Definition 2. Let Π be a P system whose alphabet contains two distinct objects yes and no, such that
every computation of Π is halting and during each computation exactly one of the objects yes,no is sent
out from the skin to signal acceptance or rejection. If all the computations of Π agree on the result, then
Π is said to be confluent; if this is not necessarily the case, then it is said to be non-confluent and the
global result is acceptance iff there exists an accepting computation.

Definition 3. Let L ⊆ Σ⋆ be a language, D a class of P systems and let ΠΠΠ = {Πx | x ∈ Σ⋆} ⊆ D be a
family of P systems, either confluent or non-confluent. We say that ΠΠΠ decides L when, for each x ∈ Σ⋆,
x ∈ L iff Πx accepts.
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Complexity classes for P systems are defined by imposing a uniformity condition on ΠΠΠ and restrict-
ing the amount of time available for deciding a language.

Definition 4. Consider a language L ⊆ Σ⋆, a class of recogniser P systems D, and let f : N → N be a
proper complexity function. We say that L belongs to the complexity class MMMCCC⋆

D( f ) if and only if there
exists a family of confluent P systems ΠΠΠ = {Πx | x ∈ Σ⋆} ⊆ D deciding L such that

• ΠΠΠ is semi-uniform, i.e. there exists a deterministic Turing machine which, for each input x ∈ Σ⋆,
constructs the P system Πx in polynomial time;

• ΠΠΠ operates in time f , i.e. for each x ∈ Σ⋆, every computation of Πx halts within f (|x|) steps.

In particular, a language L ⊆ Σ⋆ belongs to the complexity class PPPMMMCCC⋆

D iff there exists a semi-uniform
family of confluent P systems ΠΠΠ = {Πx | x ∈ Σ⋆} ⊆ D deciding L in polynomial time.

The analogous complexity classes for non-confluent P systems are denoted by NNNMMMCCC⋆

D( f ) and NNNPPPMMMCCC⋆

D.

Another set of complexity classes is defined in terms of uniform families of recogniser P systems:

Definition 5. Consider a language L ⊆ Σ⋆, a class of recogniser P systems D, and let f : N → N be a
proper complexity function. We say that L belongs to the complexity class MMMCCCD( f ) if and only if there
exists a family of confluent P systems ΠΠΠ = {Πx | x ∈ Σ⋆} ⊆ D deciding L such that

• ΠΠΠ is uniform, i.e. for each x ∈ Σ⋆ deciding whether x ∈ L is performed as follows: first, a
polynomial-time deterministic Turing machine, given the length n = |x| as a unary integer, con-
structs a P system Πn with a distinguished input membrane; then, another polynomial-time DTM
computes a coding of the string x as a multiset wx, which is finally added to the input membrane
of Πn, thus obtaining a P system Πx accepting iff x ∈ L.

• ΠΠΠ operates in time f , i.e. for each x ∈ Σ⋆, every computation of Πx halts within f (|x|) steps.

In particular, a language L ⊆ Σ⋆ belongs to the complexity class PPPMMMCCCD iff there exists a uniform family
of confluent P systems ΠΠΠ = {Πx | x ∈ Σ⋆} ⊆ D deciding L in polynomial time.

The analogous complexity classes for non-confluent P systems are denoted by NNNMMMCCCD( f ) and NNNPPPMMMCCCD.

3 A measure of space complexity for P systems

In order to define the space complexity of P systems, we first need to establish a measure of the
size of their configurations. The first definition we propose is based on an hypothetical implementation
of P systems by means of real biochemical materials (cellular membranes and molecules). Under this
assumption, every single object takes some constant physical space: this is equivalent to using a unary
coding to represent multiplicities.

Definition 6. Let C be a configuration of a P system Π , that is, a rooted, unordered tree µ representing
the membrane structure of Π , whose vertices are labeled with the multisets describing the contents of
each region. The size |C| of C is then defined as the sum of the number of membranes in µ and the total
number of objects they contain.

An alternative definition focuses on the simulative point of view, i.e. on the implementation of P sys-
tems in silico, where it is not necessary to actually store every single object (using a unary representation),
but we can just store their multiplicity as a binary number, thus requiring exponentially less space for
each kind of symbol.
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Definition 7 (Alternative). Let C be a configuration of a P system Π , that is, a rooted, unordered tree µ

representing the membrane structure of Π , whose vertices are labeled with the multisets describing the
contents of each region. The size |C| of C is then defined as the sum of the number of membranes in µ

and the total number of bits required to store the objects they contain.

In the following discussion we will assume the first definition; however notice that the actual results
might or might not depend on the precise choice between Definitions 6 and 7 (a thorough analysis of
the differences involves a clarification of the relative importance of the number of membranes and the
number of objects in various classes of P systems, and it is left as an open problem).

Once a notion of configuration size is established, we need to take account of all possible computation
paths which can develop even in confluent recogniser P systems; the following definitions are given in
the spirit of those concerning time complexity for P systems [7].

Definition 8. Let Π be a (confluent or non-confluent) recogniser P system, and let ~C = (C, . . . ,Cm) be
a halting computation of Π , that is, a sequence of configurations starting from the initial one and such
that every subsequent one is reachable in one step by applying the rules in a maximally parallel way. The
space required by ~C is defined as

|~C| = max{|C|, . . . , |Cm|}.

The space required by Π itself is then

|Π | = max{|~C| such that ~C is a halting computation of Π }.

Definition 9. Let ΠΠΠ = {Πx | x ∈ Σ⋆} be a uniform or semi-uniform family of recogniser P systems, each
Πx deciding the membership of the string x in a language L ⊆ Σ⋆; also let f : N → N. We say that ΠΠΠ

operates within space bound f iff |Πx| ≤ f (|x|) for each x ∈ Σ⋆.

We are now ready to define space complexity classes for P systems.

Definition 10. Let D be a class of confluent recogniser P systems; let f : N → N and L ⊆ Σ⋆. Then
L ∈ MMMCCCSSSPPPAAACCCEEE⋆

D
( f ) iff L is decided by a semi-uniform family ΠΠΠ ⊆ D of P systems operating within

space bound f .
The corresponding complexity class for uniform families of confluent P systems is denoted by

MMMCCCSSSPPPAAACCCEEED( f ), while in the non-confluent case we have the classes NNNMMMCCCSSSPPPAAACCCEEE⋆

D
( f ) and

NNNMMMCCCSSSPPPAAACCCEEED( f ) respectively.

As usual, we provide a number of abbreviations for important space classes.

Definition 11. The classes corresponding to polynomial and exponential space, in the semi-uniform and
confluent case, are

PPPMMMCCCSSSPPPAAACCCEEE⋆

D =
⋃

k∈N

MMMCCCSSSPPPAAACCCEEE⋆

D(O(nk))

EEEXXXPPPMMMCCCSSSPPPAAACCCEEE⋆

D =
⋃

k∈N

MMMCCCSSSPPPAAACCCEEE⋆

D

(

O(nk)
)

.

The definitions are analogous in the uniform and non-confluent cases.

4 Basic results

From the above definitions, some results concerning space complexity classes and their relations with
time complexity classes follow immediately. We state them only for semi-uniform families, but they also
hold in the uniform case.

The first two propositions can be immediately derived from the definitions.
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Proposition 12. The following inclusions hold:

PPPMMMCCCSSSPPPAAACCCEEE⋆

D ⊆ EEEXXXPPPMMMCCCSSSPPPAAACCCEEE⋆

D

NNNPPPMMMCCCSSSPPPAAACCCEEE⋆

D ⊆ NNNEEEXXXPPPMMMCCCSSSPPPAAACCCEEE⋆

D.

Proposition 13. MMMCCCSSSPPPAAACCCEEE⋆

D
( f ) ⊆ NNNMMMCCCSSSPPPAAACCCEEE⋆

D
( f ) for each f : N → N, and in particular

PPPMMMCCCSSSPPPAAACCCEEE⋆

D ⊆ NNNPPPMMMCCCSSSPPPAAACCCEEE⋆

D

EEEXXXPPPMMMCCCSSSPPPAAACCCEEE⋆

D ⊆ NNNEEEXXXPPPMMMCCCSSSPPPAAACCCEEE⋆

D.

The following results mirror those which hold for Turing machines, and they describe closure prop-
erties and provide an upper bound for time requirements of P systems operating in bounded space.

Proposition 14. The classes PPPMMMCCCSSSPPPAAACCCEEE⋆

D
, NNNPPPMMMCCCSSSPPPAAACCCEEE⋆

D
, EEEXXXPPPMMMCCCSSSPPPAAACCCEEE⋆

D
, and

NNNEEEXXXPPPMMMCCCSSSPPPAAACCCEEE⋆

D
are all closed under polynomial-time reductions.

Proof. Let L ∈ PPPMMMCCCSSSPPPAAACCCEEE⋆

D
and let M be the Turing machine constructing the family ΠΠΠ that decides

L. Let L ′ be reducible to L via the polynomial-time computable function f .
Now let M ′ be the following Turing machine: on input x of length n compute f (x); then behave

like M on input f (x), thus constructing Π f (x). Since | f (x)| is bounded by a polynomial, M ′ operates
in polynomial time and Π f (x) in polynomial space; but then ΠΠΠ ′ = {Π f (x) | x ∈ Σ⋆} is a polynomially
semi-uniform family of P systems deciding L ′ in polynomial space. Thus L ′ ∈ PPPMMMCCCSSSPPPAAACCCEEE⋆

D
.

The proof for the three other classes is analogous.

Proposition 15. MMMCCCSSSPPPAAACCCEEE⋆

D
( f ) is closed under complement for each function f : N → N.

Proof. Simply reverse the roles of objects yes and no in order to decide the complement of a language.

Proposition 16. For each function f : N → N

MMMCCCSSSPPPAAACCCEEE⋆

D( f (n)) ⊆ MMMCCC⋆

D

(

O( f (n) log f (n))
)

NNNMMMCCCSSSPPPAAACCCEEE⋆

D( f (n)) ⊆ NNNMMMCCC⋆

D

(

O( f (n) log f (n))
)

.

Proof. Let L ∈ MMMCCCSSSPPPAAACCCEEE⋆

D
( f (n)) be decided by the semi-uniform family ΠΠΠ of recogniser P systems

in space f ; let Πx ∈ ΠΠΠ with |x| = n and let C be a configuration of Πx. Then C can be described with a
string of length at most k f (n) log f (n) over a finite alphabet, say with b ≥  symbols, for some constant
k:

• We need k f (n) symbols in order to represent the membrane structure and the objects it contains,
as well as the polarizations.

• We also need to encode the labels of the membranes: even if they do not contribute to the space
required by the P system, nonetheless each assignment of labels gives rise to a different configura-
tion. Since all labels might be distinct, and there are at most f (n) of them, k f (n) log f (n) symbols
are needed.

Notice that there are less than bk f (n) log f (n)+ such strings. Since Πx is a recogniser P system, by defini-
tion every computation halts: then it must halt within bk f (n) log f (n)+ steps in order to avoid repeating a
previous configuration (thus entering an infinite loop). This number of steps is O( f (n) log f (n)).

The same proof also works in the non-confluent case (only the acceptance criterion is different).
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5 Space complexity of P systems with active membranes

In this section we provide a brief review of part of the ample literature on complexity results about
P systems with active membranes; our aim is to analyse existing polynomial-time solutions to hard
computational problems in order to obtain space complexity results.

We first consider the class of P systems with active membranes which do not make use of membrane
division rules, usually denoted by NAM. It is a well known fact that such P systems are able to solve
only problems in PPP (the so-called Milano theorem [11]); on the other hand, they can be used to solve all
problems in PPP with a minimal amount of space, when a semi-uniform construction is considered:

Proposition 17. PPP ⊆ MMMCCCSSSPPPAAACCCEEE⋆

NAM
(O()).

Proof. Let L ∈ PPP. Then there exists a deterministic Turing machine M deciding L in polynomial time.
Now consider the family of P systems ΠΠΠ = {Πno,Πyes}, where Πno (resp. Πyes) is the following trivial
P system with active membranes:

• the membrane structure consists of the skin only, labelled by h;

• in the initial configuration, exactly one object a is located inside the skin;

• the only rule is [a]h → [ ]h no (resp. [a]h → [ ]h yes).

It is clear that such P systems halt in one step and that the space they require is independent of the size
of the instance they decide.

The family of P systems ΠΠΠ can be constructed in a semi-uniform way in order to decide L by a
deterministic Turing machine which first simulates M (it can do so, since M operates in polynomial
time), then outputs one of Πyes, Πno according to the result (acceptance or rejection, respectively).

One of the most powerful features of P systems with active membranes is the possibility of creating an
exponential workspace in polynomial time by means of elementary membrane division rules; we denote
the class of such P systems by EAM. This feature was exploited for solving NNNPPP-complete problems in
polynomial (often even linear) time. In terms of space complexity, this can be stated as follows:

Proposition 18. NNNPPP∪ cccoooNNNPPP ⊆ EEEXXXPPPMMMCCCSSSPPPAAACCCEEE⋆

EAM
.

Proof. In [11] a polynomial-time semi-uniform solution to SAT is described; the number of membranes
and objects required is exponential with respect to the length of the Boolean formula. The result then
follows from closure under reductions and complement of EEEXXXPPPMMMCCCSSSPPPAAACCCEEE⋆

EAM
.

This result can be improved when the use of non-elementary membrane division rules is allowed;
indeed, all problems in PPPSSSPPPAAACCCEEE can be solved by such class of P systems with active membranes,
denoted by AM.

Proposition 19. PPPSSSPPPAAACCCEEE ⊆ EEEXXXPPPMMMCCCSSSPPPAAACCCEEE⋆

AM
.

Proof. In [10] a polynomial-time uniform solution to QBF (also known as QSAT), the canonical PPPSSSPPPAAACCCEEE-
complete problem, is described; the space required by each P system is still exponential, and the result
follows from the closure properties.

In [1] a uniform solution for the same problem was achieved, with the same space requirements; this
provides a tighter upper bound to PPPSSSPPPAAACCCEEE:

Proposition 20. PPPSSSPPPAAACCCEEE ⊆ EEEXXXPPPMMMCCCSSSPPPAAACCCEEEAM.
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Since standard P systems with active membranes are very powerful when division rules are allowed,
but very weak otherwise, another line of research involves removing some other features, such as po-
larizations. Polarizationless P systems with active membranes have been proved able to solve QSAT
uniformly in polynomial time by making use of both elementary and non-elementary division rules [2].
Since the space requirements are once again exponential, the following result is immediate:

Proposition 21. PPPSSSPPPAAACCCEEE ⊆ EEEXXXPPPMMMCCCSSSPPPAAACCCEEEAM
 , where AM is the class of polarizationless P sys-

tems with active membranes and both kinds of division rules.

6 Open problems

In P systems with active membranes, division rules are usually exploited by producing an exponential
number of membranes in linear time, which then evolve in parallel; for instance, several solutions to NNNPPP-
complete problems explore the full solution space (e.g. generating every possible truth assignment and
then checking whether one of them satisfies a Boolean formula). It appears that membrane division may
become much less useful when a polynomial upper bound on space is set; or, in other words,

Conjecture 22. The three complexity classes PPPMMMCCCSSSPPPAAACCCEEE⋆

NAM
, PPPMMMCCCSSSPPPAAACCCEEE⋆

EAM
and PPPMMMCCCSSSPPPAAACCCEEE⋆

AM

coincide.

An idea which might be useful in proving this conjecture is precomputing the “final” membrane
structure (which is obtained via division rules) during the construction phase. While this is straightfor-
ward when considering membrane divisions which always occur, the matter might be much more difficult
in the case of “conditional” division (i.e. division rules are applied only when certain conditions are met)
or when the P system exhibits a recurring behaviour (e.g. a membrane divides, then one of the two copies
is dissolved, and the process is repeated continuously).

Another interesting problem involves the relations between time and space complexity classes for
P systems with active membranes. We know that Turing machines, once a polynomial space bound
is fixed, are able to solve more problems in exponential time than in polynomial time (at least when
PPP 6= PPPSSSPPPAAACCCEEE is assumed). This fact has not been investigated yet in the setting of membrane computing,
as all solutions to decision problems presented until now (up to the knowledge of the authors) require
only a polynomial amount of time. Formally, the question we pose is the following:

Problem 23. Is PPPMMMCCC⋆

D 6= PPPMMMCCCSSSPPPAAACCCEEE⋆

D
for any class of P systems D among NAM, EAM, AM? That

is, do problems which can be solved in polynomial space but not in polynomial time exist?

Another important property of traditional computing devices is described by Savitch’s theorem: non-
deterministic space-bounded Turing machines can be simulated deterministically with just a polynomial
increase in space requirements, and as a consequence PPPSSSPPPAAACCCEEE = NNNPPPSSSPPPAAACCCEEE holds. The proof does not
appear to be transferable to P systems in a straightforward way; nonetheless, an analogous result might
hold even in this setting:

Problem 24. Does PPPMMMCCCSSSPPPAAACCCEEE⋆

D
= NNNPPPMMMCCCSSSPPPAAACCCEEE⋆

D
hold for any class of P systems D among

NAM,EAM,AM?

The classes of P systems with active membranes we have considered in all the previous problems are
only defined according to which kinds of membrane division rules are available (none, just elementary
or both elementary and non-elementary). The same questions may be also worth posing about other
restricted classes, such as P systems without object evolution or communication [12, 4], P systems with
division but without dissolution, or even purely communicating P systems, with or without polarizations.

Finally, we feel that the differences between P systems and traditional computing devices deserve
to be investigated for their own sake also from the point of view of space-bounded computations. We
formulate this as an open-ended question:
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Problem 25. What are the relations between space complexity classes for P systems and traditional
ones, such as PPP, NNNPPP, PPPSSSPPPAAACCCEEE, EEEXXXPPP, NNNEEEXXXPPP, and EEEXXXPPPSSSPPPAAACCCEEE?
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