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Abstract

Based on the biological model of cell-to-cell communi-
cation proposed by A. Rustom et al. in [5] we consider
cells able to dynamically form connections (channels)
between them according to speci�c constraints possi-
bly relying on some attribute assigned to the mem-
branes of the cells as well as of their contents. From a
theoretical point of view, such P systems with dynamic
channels transporting membrane vesicles are compu-
tationally complete even when using only some of the
characteristic features of the general model. Also the
e¢ ciency of modelling speci�c processes in various ap-
plication areas depends on the speci�c features of the
chosen model of P systems with dynamic channels
transporting membrane vesicles.

1 Introduction

Membrane systems were introduced in 1998 by Gh.
P¼aun in [2] as a parallel distributed model of computa-
tion abstracted from cell functioning. In a membrane
structure (that can be represented as a tree in P sys-
tems or as an arbitrary graph in the more general case
of tissue P systems), multisets of objects can evolve
according to given evolution rules. Many variants of
membrane systems (P systems) have been considered
so far, see [3] for a comprehensive overview and [4] for
the actual status of research.
Like in the biological model of cell-to-cell communi-

cation proposed by A. Rustom et al. in [5], in this pa-
per we consider cells (like in tissue P systems) able to
dynamically form connections (channels or nanotubes
in the sense of [5]) between them according to spe-
ci�c constraints possibly relying on some attributes as-
signed to the membranes of the cells as well as of their
contents. In contrast to the P systems considered so
far, through these nanotubes (channels) of P systems
with dynamic channels transporting membrane vesi-

cles, multisets of elementary objects are transported
in a membrane vesicle, which is the most important
new feature of the model introduced in this paper.
Attributes assigned to the cell membranes, for exam-
ple, can be their electrical charges (polarizations) as
this was formally already considered in P systems with
active membranes. Moreover, the transport of a mem-
brane vesicle through a nanotube between two cells
may depend on the contents of the membrane vesi-
cle itself as well as on the objects contained in the
two cells connected by this nanotube and on the spe-
ci�c attributes assigned to the cell membranes and the
membrane of the vesicle to be transported through the
nanotube.

As it is often observed in the P systems area,
processes may happen in parallel according to a uni-
versal clock; yet although in nature many processes
are carried out in parallel, they are not synchronized.
Therefore, to model these biological systems as de-
scribed by A. Rustom et al., we consider P systems
with dynamic channels transporting membrane vesi-
cles also working in the asynchronous mode (an arbi-
trary number of rules that do not interfere with each
other can be carried out in parallel in one derivation
step) or in the sequential mode (exactly one rule is
carried out in one derivation step); for an overview on
P systems working in the asynchronous or in the se-
quential mode see [1]. On the other hand, processes
in computers as for simulating mobile software agents
can be simulated by P systems with dynamic chan-
nels transporting membrane vesicles working in the
maximally parallel mode (which means that as many
processes as possible are carried out in parallel).

In the second section, we now will introduce the
general model of P systems with dynamic channels
transporting membrane vesicles. From a theoretical
point of view, P systems with dynamic channels trans-
porting membrane vesicles are computationally com-
plete, i.e., in the sense of Turing we can simulate the



actions of Turing machines; depending on the working
mode (sequential, asynchronous or maximally paral-
lel), di¤erent variants of rules and corresponding mem-
brane attributes are needed to obtain this computa-
tional universality (we will prove universality for one
speci�c variant working in the sequential mode in the
third section). Also the e¢ ciency of modelling speci�c
processes in various application areas depends on the
speci�c features of the chosen model of P systems with
dynamic channels transporting membrane vesicles as
we will discuss in the fourth section.

2 The General Model

In this section we describe the general model of P sys-
tems we are going to investigate in this paper. In-
tuitively, we consider cells enclosed by a membrane
which allows for communication with the environment
as well as for dynamically forming connections (chan-
nels or nanotubes in the sense of A. Rustom et al. in
[5]) between cells that transport (multisets of) objects
enclosed in a membrane (vesicle).

A P system with dynamic channels transporting
membrane vesicles (in the following we shall use the
notion P system only) � is a construct

(O;OT ; O1; C;Q; F; I;R)

where

� O is the set of objects;

� OT � O is the set of terminal objects;

� O1 � O is the set of objects occurring in�nitely
often in the environment of the cells;

� C � O is the set of catalysts; a catalyst is never
changed or moved by a rule;

� Q is the set of states for the channels between
cells;

� F is the set of attributes assigned to a cell or a
vesicle;

� I speci�es the initial contents of the environment
(only those objects not occurring in an in�nite
number of copies, which were already speci�ed by
O1) as well as the cells and the vesicles and their
initial contents the system starts with (observe
that we assume no channels to exist at the begin-
ning);

� R is a set of rules.

The set of rules R itself consists of several sets of
di¤erent types of rules:

� Re;c is a set of evolution rules for objects in a cell;

� Re;v is a set of evolution rules for objects in a
vesicle;

� Rc;e is a set of communication rules for exchang-
ing (multisets of) objects between a cell and the
environment;

� Rc;v is a set of communication rules for exchang-
ing (multisets of) objects between a vesicle in a
cell and the surrounding cell;

� Rc;c;i is a set of rules initializing a channel (nan-
otube) between two cells (or a cell and the envi-
ronment);

� Rc;c;t is a set of rules transporting a vesicle
through a channel (nanotube) between two cells
(or a cell and the environment);

� Rc;c;d is a set of rules deleting a channel (nan-
otube) between two cells (or a cell and the envi-
ronment; a vesicle sent out from a cell into the
environment gets the status of a cell).

In some restricted variants, the sets Rc;c;l; l 2
fi; t; dg ; may be combined in only one set Rc;c of rules
which establish a channel between two cells for mov-
ing a vesicle from one cell to another one (or between
a cell and the environment for expelling a vesicle into
the environment) and immediately after having moved
this vesicle deletes the channel again.

� Rd is a set of rules eliminating a vesicle in a cell
(in a biological sense, this deletion of a vesicle
re�ects a kind of phagocytosis);

� Rg is a set of rules generating a new vesicle in a
cell.

� R� is a set of rules eliminating the membrane of
a vesicle and expelling its contents into the sur-
rounding cell;

� R� is a set of rules generating a new vesicle con-
taining the whole contents of a cell.

All the rules described above may depend on the
features currently assigned to the involved cell(s)
and/or the involved vesicle and possibly also change
these features. In static variants of the general model,
we omit the sets of rules Rd; Rg; R�; and R� and do
not allow vesicles to be expelled into the environment.



Moreover we should like to point out that all the
sets in the general model described above need not be
�nite, e.g., the set of objects may be the set of strings
over a given alphabet, and the set of attributes may
be in�nite, too. If the sets of rules are in�nite, we
assume that given an instance of the P system, we
are able to e¤ectively list the rules applicable to this
instance and to decide whether a set of rules chosen
so far is maximal or not.

The P system � may work in di¤erent derivation
modes: In the maximally parallel mode, for each
derivation step we choose such a subset of the rules
in R that cannot be extended any more; in the asyn-
chronous mode, an arbitrary number of rules is applied
in parallel; in the sequential mode, exactly one rule is
applied.

3 Theoretical Results

The general model of P systems with dynamic channels
transporting membrane vesicles introduced in the pre-
vious section is very powerful from a theoretical point
of view, i.e., not all possible features are needed to ob-
tain computational completeness. Moreover, we may
use these P systems for di¤erent tasks, e.g., as gen-
erating devices or as accepting devices (P automata),
but also for modelling di¤erent processes carried out
by other devices, yet needing only speci�c features of
the general model for obtaining e¢ cient simulation re-
sults. We here restrict ourselves to a model which
works in the sequential mode and only uses communi-
cation rules (antiport rules) as well as, of course, rules
for transporting vesicles from one cell to another one,
and we show how in this restricted model we can sim-
ulate graph-controlled grammars (which are devices
well known to be computationally complete (e.g., see
[6]).

Now let us consider a �nite set of elementary ob-
jects constituting O and a subset OT to be the set
of terminal objects. A graph-controlled grammar GC
then is a construct

(O;OT ; w;R; Lin; Lfin)

where w is the initial multiset overO; R is a �nite set of
rules r of the form (l (r) : p (l (r)) ; � (l (r)) ; ' (l (r))),
with l (r) 2 Lab (GC), Lab (GC) being a set of labels
associated (in a one-to-one manner) with the rules r in
R, p (l (r)) is a rewriting rule of the form a (r)! u (r)
with a (r) 2 O and u (r) being a multiset over O;
� (l (r)) � Lab (GC) is the success �eld of the rule
r, and ' (l (r)) � Lab (GC) is the failure �eld of the

rule r; Lin � Lab (GC) is the set of initial labels,
and Lfin � Lab (GC) is the set of �nal labels. For
r = (l(r) : p (l (r)) ; � (l (r)) ; ' (l (r))) and v; u being
two multisets over O we say that (u; k) is directly
derivable from (v; l (r)) if and only if

� either p (l (r)) is applicable to v, v is the result of
the application of p (l (r)) to u, and k 2 � (l (r)),

� or p (l (r)) is not applicable to v, u = v, and
k 2 ' (l (r)).

The language generated by GC is the set of all mul-
tisets u such that (u; k) can be derived in an arbitrary
number of steps from (w; l) for some k 2 Lfin and
l 2 Lin:
We now de�ne a restricted variant of the general

model of P systems with dynamic channels transport-
ing membrane vesicles that allows for the simulation
of graph-controlled grammars: Let

(O;OT ; w;R; Lin; Lfin)

be a graph-controlled grammar (without loss of gen-
erality, we may assume Lin and even Lfin to contain
only one label and, moreover, l (r) =2 � (l (r)) for all r).
Then we construct the P system with dynamic chan-
nels transporting membrane vesicles � working in the
sequential mode

(O;OT ; O1; C;Q; F; I;R�)

as follows:
We do not use catalysts, and we do not need states

for the channels to be created dynamically; therefore,
we omit C and Q; as well as O1; because we assume
all objects from O to be available in the environment
in an unbounded number, hence, � is speci�ed as a
quintuple (O;OT ; F; I; R�) only.
As set of attributes F we take Lab (GC)[f�; 0;+g ;

where we assume Lab (GC)\f�; 0;+g = ;: The initial
con�guration consists of card (Lab (GC)) cells having
the labels from Lab (GC) as attributes; moreover, the
cell with attribute l (r) contains the multiset u (r) ; and
�nally, the initial cell (having the initial label from Lin
as attribute) also contains a vesicle with attribute 0
and the contents w (i.e., the initial multiset from GC).
The rules in R� simulate the rules in R as follows:

� (l (r) ; 0; a (r) =u (r) ;+) 2 Rc;v: In the cell with
attribute l (r) ; a (r) in a vesicle (with attribute 0
which by the application of this rule is changed
to +) contained in this cell is replaced by u (r)
which is taken from the cell and regained by



� (l (r) ; a (r) =u (r)) 2 Rc;e; in that way, one appli-
cation of the rule r is simulated.

� (l (r) ; 0;:a (r) ; �=�;�) 2 Rc;v: Provided that
the symbol a (r) is not present in a vesicle con-
tained in the cell with attribute l (r) ; the at-
tribute of the vesicle is changed from 0 to � (with-
out communicating symbols between the vesicle
and the cell, which is indicated by the notion �=�;
where � denotes the empty word).

� Rc;c consists of all rules of the form (i; k; j; 0) such
that

� k = + and j 2 � (i) or
� k = � and j 2 ' (i) :

The application of (i; k; j; 0) means establishing a
channel between the cells with attributes i and j
for transporting a vesicle with attribute k from
cell i to cell j thereby changing the attribute of
the vesicle from k to 0:

As results of a computation in � we take the con-
tents of any vesicle which appears in the �nal cell (i.e.,
the cell carrying the attribute from Lfin) and contains
only terminal symbols. In that way � generates the
same set of terminal multisets as GC :

As is well-known (see the results cited in [1]), P sys-
tems with antiport rules are computationally complete
in only one membrane when working in the maximally
parallel mode, whereas in the sequential mode univer-
sality cannot be reached even with an arbitrary num-
ber of membranes. The proof sketched above takes
advantage of the inherently new feature of P systems
with dynamic channels transporting membrane vesi-
cles allowing for transporting the complete multiset of
symbols in a vesicle from one cell to another one.

4 Variants for Applications

The biologically motivated model of P systems with
dynamic channels transporting membrane vesicles in-
troduced in this paper can be used for modelling var-
ious mechanisms in di¤erent application areas. Again
the main feature we have to take advantage of is the
possibility to establish connections between cells and
to transport whole multisets of objects from one cell
to another one in a single step.
As the model of P systems with dynamic channels

transporting membrane vesicles incorporates several
other features well motivated from biology, it can be
used for modelling various aspects of arti�cial life. The

cells themselves are organisms that may interact in
an unguided manner via the environment or else, in
a direct way, by establishing channels for exchanging
complete sub-organisms (vesicles). By using suitable
evolution rules, the organisms may develop also based
on the development (evolution) of their components
mostly represented by the vesicles contained in them,
which usually happens in a parallel but unsynchro-
nized way (and which corresponds with the asynchro-
nous working mode of the P systems).
On the other hand, the vesicles can also be seen

as packages of information transported from one com-
puter (cell) to another one or as autonomous agents
performing their tasks on di¤erent servers. In that
case, these agents work in parallel, either in an unsyn-
chronized way (which corresponds with the asynchro-
nous mode of the P system) or even in a synchronized
way (which corresponds with the maximally parallel
mode of the P system); using su¢ ciently powerful op-
erations (evolution rules) in the vesicles, we are able
to describe the processes taking place in distributed
systems.
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